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ABSTRACT The potential for utilizing clean energy technologies in Egypt is excellent given the abundant
solar irradiation and wind resources. This paper provides detailed design, control strategy, and performance
evaluation of a grid-connected large-scale PV/wind hybrid power system in Gabel El-Zeit region located
along the coast of the Red Sea, Egypt. The proposed hybrid power system consists of 50 MW PV station
and 200 MW wind farm and interconnected with the electrical grid through the main Point of Common
Coupling (PCC) busbar to enhance the system performance. The hybrid power system is controlled to operate
at the unity power factor and also the Maximum Power Point Tracking (MPPT) technique is applied to extract
the maximum power during the climatic conditions changes. Modeling and simulation of the hybrid power
system have been performed using MATLAB/SIMULINK environment. Moreover, the paper presented a
comprehensive case study about the realistic monthly variations of solar irradiance and wind speed in the
study region to validate the effectiveness of the proposed MPPT techniques and the used control strategy.
The simulation results illustrate that the total annual electricity generation from the hybrid power system is
1509.85 GWh/year, where 118.15 GWh/year (7.83 %) generates from the PV station and 1391.7 GWh/year
(92.17%) comes from the wind farm. Furthermore, the hybrid power system successfully operates at the

unity power factor since the injected reactive power is kept at zero.

INDEX TERMS PV, wind, hybrid system, Gamesa G80, Gabel El-Zeit, Egypt.

LIST OF ABBREVIATIONS LIST OF SYMBOLS
RES Renewable Energy Sources Vio, Vi Average wind speed at a hub height
NREA  New and Renewable Energy Authority of 10 m and 60 m
PCC Point of Common Coupling h, o Hub height above sea level and the
MPPT  Maximum Power Point Tracking roughness factor
InCond Incremental Conductance V., I Terminal voltage and output current of
VSI Voltage Source Inverter the PV module
GSC Grid Side Converter P The output power of the PV module
WECS  Wind Energy Conversion System N Scaling factor which adjusts the duty
RSC Rotor Side Converter cycle size
MPP Maximum Power Point d,q subscribe d-q axis components in the
VOC Voltage-Oriented Control synchronously rotating reference frame
PLL Phase-Locked Loop s, T Subscribe stator and rotor windings
DFIG Doubly Fed Induction Generator V,i,¢ Denote voltage, current and flux linkage
SFOC Stator Flux-Oriented Control Va—invs Vg—inv  d-q axis components of the VSI voltage
P&O Perturb and Observe Va, Vy d-q axis components of the PCC bus
voltage
The associate editor coordinating the review of this manuscript and We Rotation speed of the d-q synchronous

approving it for publication was Xiaodong Liang

96528

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

reference frame

VOLUME 8, 2020


https://orcid.org/0000-0002-7929-5723
https://orcid.org/0000-0002-8089-5419

A. F. Tazay et al.: Modeling, Control, and Performance Evaluation of Grid-Tied Hybrid PV/Wind Power Generation System

IEEE Access

Iy, 1 d-q axis components of the VSI current

Ry, Ly Resistance and inductance of the PV
station filter

Ky, K; Proportional and integral gains of PI
controller

R, L Resistance and self-inductance of the
DFIG

Ly, Magnetizing inductance of the DFIG

Reference d-q axis components of the
rotor current
Reference d-q axis components of the
rotor voltage
Reference d-q axis components of the
GSC current

Idr—ref’ Iqr—ref
Vdr—refs Vqr—ref

Idgfrefa qufref

O, Ims Stator leakage factor and stator magne-
tizing current

Wr, Wref Actual and optimum rotational speed of
DFIG rotor

Viea, Co DC-bus voltage and capacitance of

DC-bus capacitor
w Energy stored in the DC-link capacitor

m, iy Stator modulation factor and the
DC-Bus current
Lechoke The inductance of the DFIG filter

M Scaling factor that adjusts step-size of
change in rotor speed

I. INTRODUCTION

Nowadays, the combined utilization of Renewable Energy
Sources (RES) such as PV and wind energy is being widely
used for substitution of conventional energy resources,
and eventually to decrease the combustion of fossil fuels.
Moreover, in terms of its environmental advantages, the RES
generate electricity without emission of greenhouse gases or
carbon dioxide (CO») to the atmosphere and they also pro-
duce no pollution on soil or water. In Egypt, the potential of
using clean energy technologies is excellent given the abun-
dant wind resources and solar irradiation. Egypt is endowed
with large solar energy resources since it is one of the sun-belt
area countries, where the solar Atlas of Egypt indicates that
the duration of daily sunshine ranges between 9-11 hours/day.
Also, the mean annually solar radiation is between
2000-3200 kWh/m?/year, which enhances great opportunities
for development in the solar energy fields in Egypt [1], [2].
Historically, the first Egyptian thermal solar power plant
with a total installed capacity of 140 MW has been built in
Kuraymat in 2011, of which, 20 MW was the solar power
share. Then, in the Siwa Oasis in Western Sahara, a solar
power station with a rated power of 10 MW has been installed
since March 2015. Also, in April 2016, four PV plants were
operated 14 MW in Egypt’s Red Sea Governorate to support
the area’s vital tourism sector. Currently, Egypt will plan to
possess solar energy with a total capacity of 3.5 GW by 2027;
including 2.8 GW from the PV energy and 0.7 GW from
the Concentrated Solar Power (CSP). Recently, the New and
Renewable Energy Authority (NREA) in Egypt has embarked
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on an ambitious project to build the biggest PV power station
worldwide, with a total generation capacity of 1.8 GW. The
project includes installation and operation of 41 individual
PV power plants that spread across 37.2 Km? in the south of
the Egyptian territory in Benban, Aswan [3].

On the other hand, wind energy in Egypt is regarded as one
of the most promising renewable energy sources and it has
continued to be the fastest-growing in terms of the generated
power because of its economic viability. Historically, the first
Egyptian wind farm consisting of 700 wind turbines with
a total power capacity of 545 MW has been established
in Zafarana in several stages since 2001. Moreover, Gabel
El-Zeit region located along the coast of the Red Sea is very
rich with great wind energy resources that could reach about
20,000 MW, where the average wind speed is approximately
9 m/s at 10 m height [4], [5]. Therefore, two large-scale
wind farms projects have been implemented in Gabel El-Zeit
region. The first project is Gabel El-Zeit 1 wind farm was
consisting of 120 wind turbines with a total power capacity
of 240 MW that was built in 2010. Then, the second project
is Gabel El-Zeit 2 wind farm consisting of 110 wind turbines
with a total power capacity of 220 MW that has been com-
pleted since July 2018. Furthermore, the annual growth of the
wind power generation in Egypt has developed exponentially
during the period from 2010 to 2017, as shown in Fig. 1.
Recently, the strategy of the NREA in Egypt aims to supply
12% of the total electricity generation from the wind energy
by the end of 2020, which means increasing the installed wind
power capacity to 7200 MW [3], [6].

Annual growth of wind power generation in Egypt
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FIGURE 1. Annual growth of wind power generation in Egypt [3].

Over recent years, many studies in the field of using the
RES in Egypt have been reported. Among them, a com-
prehensive study for selecting the optimum locations to
implement large-scale grid-connected PV power stations in
Egypt has been discussed in [2], [4]. The study analyzed the
availability of vacant areas for installation, environmental
conditions, economics profits, and the future developments
related to the implementation of the PV stations in the
selected sites. Moreover, in terms of using wind energy in
Egypt, Noureldeen et al. [6], proposed an advanced artificial
intelligence protection technique based on Low Voltage Ride-
Through (LVRT) for a large-scale grid-connected wind farm.
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The proposed protection technique is applied to a simula-
tion model of 200 MW Gabel El-Zeit wind farm as a case
study in Egypt. Hatata and Rana Elmahdy [5], assessed the
wind energy potentiality in different sites in Egypt. The
paper recommended that Gabel El-Zeit region is the most
feasible location in Egypt to build large-scale wind plants,
where the average wind speed reaches about 9 m/s at a
height of 10 m. In [7], the paper investigated the impact of
extreme gust occurrence on the Gulf El-Zayt wind farm. The
obtained results illustrate the influence of various extreme
gust wind speed fluctuations on the variation of the generated
active power and reactive power from the wind farm. Also,
Noureldeen et al. [8], utilized the STATCOM and the super-
capacitor to provide stability improvement of 200 MW Gabel
El-Zeit wind farm during a severe wind gust occurrence as a
case study of the wind speed variation.

In [9], the paper presented a detailed feasibility study using
HOMER software about applying a hybrid system consist-
ing of PV, wind, diesel generator, and battery to supply the
electrical energy needs for an environmentally-friendly city
(New Borg El Arab) in Egypt. Also, a reliable optimiza-
tion methodology incorporated Mine Blast Algorithm (MBA)
has been applied in [10] to determine the optimal size of
a PV/wind/fuel cell hybrid system supplying the electrical
power to a rural area in Egypt. However, to the best of
found knowledge, most previous researches have been con-
fined in the optimization studies to determine the optimal
location or the optimal size of a single renewable energy
source. No large-scale attempts have been made to implement
the hybrid renewable energy systems in Egypt, where more
than one power generation source is applied. Additionally,
few researchers have focused on the integration of large-
scale hybrid renewable power systems with the electrical
grid.

From the literature survey and to utilize the RES in Egypt,
this paper presents the detailed design, control strategy,
and performance analysis of a grid-connected large-scale
PV/wind hybrid power system in Gabel El-Zeit region located
along the coast of the Red Sea, Egypt. This region is endowed
with a good level of solar irradiance with an annual average
value of 199.75 kWh/m2 and powerful wind speed with an
average value of 14.08 m/s at 60 m hub height. The proposed
hybrid power system consists of 50 MW PV station-based
Sanyo HIP-200B PV module and 200 MW wind farm-based
Gamesa G80 wind turbine and it is interconnected with the
electrical grid through the main PCC busbar to enhance the
system performance. An adaptive variable step-size MPPT
algorithm is applied to extract the maximum power from the
PV station, while a modified P&O MPPT strategy is imple-
mented to capture the peak power from the wind farm. Also,
the hybrid power system is controlled to operate at the unity
power factor during all the environmental conditions. The
dynamic performance of the hybrid power system is evaluated
during realistic changes in solar irradiance and wind speed
in the study region to validate the efficiency of the MPPT
techniques and the applied control strategy.
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Il. THE LONG-TERM CLIMATIC CONDITIONS IN THE SITE
UNDER STUDY

Climatic conditions including solar radiation and wind speed
are the main factors that determine the availability of the PV
and wind energy at any site. The site under study is Gabel
El-Zeit region situated in the North-Eastern Desert, on the
western coast of the Suez Gulf, Egypt, as shown in Fig. 2.
It is located between longitudes 33° 30’ and 24° 55’ E, and
latitudes 27° 56’ and 28° 10” N [11], [12]. The potential for
utilizing clean energy technologies in Gabel El-Zeit is excel-
lent given the abundant solar irradiation and wind resources.
The study area has of solar irradiance which ranges from
172.1 W/m? in December to 353.4 W/m? in July with an
annual average value of 273.42 W/m?, as shown in Fig. 3 and
Table 1. Irradiance data is gathered from the solar Atlas of
Egypt [13].

FIGURE 2. Location map of Gabel El-Zeit area (site under study) [12].
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FIGURE 3. The average monthly solar radiation data [13].

Moreover, Gabel El-Zeit is characterized by powerful wind
speed which ranges between 12.44 m/s in November and
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TABLE 1. The average monthly solar irradiation and wind speed in Gabel El-Zeit region.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
average
Solar Radiation 182.8 220.7 278.3 3125 337.5 359.7 353.4 330.6 294.4 2419 197.1 172 273.42
(w/m2)
wind speed at 60 13.18 13.18 14.57 14.85 14.92 15.62 14.54 14.34 14.51 14.07 12.44 12.71 14.08
m (m/s)
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FIGURE 4. The average monthly wind speed data at 60 m height [5].

15.62 m/s in June with an annual average value of 14.08 m/s,
as shown in Fig. 4 and Table 1. The wind speed profile is
obtained from the wind speed data at the standard 10 m height
which gathered from the Egyptian Meteorological Authority
based on measurements for more than 10 years [5]. The
variation of wind speed can be expressed as follows [5], [7]:

o

h
Vi = Vi, (G2 )]

where « is the power-law index or the roughness factor which
is selected to be 0.25 to represent the most appropriate value
for the terrain and the wind conditions in Egypt [5], [7]. Vj is
the average wind speed at wind turbine’s hub height (m/s),
h, is the height of wind speed measurement which equals
10 (m), A is the height of the wind turbine’s hub location, (m).

IIl. SYSTEM CONFIGURATION

The configuration of the proposed PV/wind hybrid genera-
tion system is shown in Fig. 5 and its detailed specifications
are summarized in Table 2. It consists of 50 MW PV station
and 200 MW wind farm are interconnected with the electrical
network through the main PCC busbar to enhance the system
performance. In this study, 5 PV modules are connected in
series, and a total of 50,000 branches are parallel-connected
to achieve the rated power of the PV station (50 MW).
Sanyo HIP-200B PV module with a peak power of 200.3 W
is utilized for this work [14]. An adaptive InCond MPPT
technique is implemented on the boost converter to extract
the maximum power from the PV station during the change
of solar irradiance. Also, a 3-level, 3-phase Voltage Source
Inverter (VSI) is used for interfacing the PV station with the
electrical grid.
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FIGURE 5. Configuration of the proposed PV/wind hybrid system.

The wind farm with a rated power of 200 MW con-
sists of 100 variable-speed Doubly Fed Induction Generator
(DFIG)-based wind turbines from Gamesa G80-2.0 MW
type. The DFIG stator winding is connected to the PCC bus
through a 0.69/22 kV step-up transformer, while the rotor
winding is connected to the low voltage side of the step-up
transformer by a back-to-back converter and a transformer.
The back-to-back converter consists of two converters Grid
Side Converter (GSC) and Rotor Side Converter (RSC) cou-
pled by a DC-bus capacitor. The GSC is used to sustain the
DC-bus voltage constant and regulate the exchanged reactive
power between the back-to-back converter and the grid. Also,
a modified P&O MPPT strategy is applied to the RSC to cap-
ture the peak power from the wind farm during the wind speed
variation. Moreover, the hybrid power system is adjusted to
operate at unity power factor and the generated power is
injected into the electrical grid through 1 km double circuit
transmission lines and 22/220 kV A/Y step-up transformer.

A. PV STATION CONFIGURATION

1) SELECTION OF THE PV MODULE

The PV plant with a rated power of 50 MW contains 500 PV
arrays electrically connected in parallel, each array consists
of 100 parallel-connected strings that formed by connecting
5 PV modules in series. To determine the most appropriate
PV module to be used in this work, a large-scale survey about
the PV modules characteristics from different manufacturers
is needed. El-Shimy [4], presented a comprehensive survey
about the characteristics of most of the available PV panels
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TABLE 2. Design specification of the proposed PV/wind hybrid power system.

PV station parameters

Wind farm parameters

Rated power 50 MW
PV module type Sanyo HIP-200BA20
Rated power of the PV module 200.3 W
Number of parallel arrays 500
Number of parallel strings per array 100
Number of series modules per string 5
Nominal DC-link voltage 500V
Power factor of DC/AC Inverter Unity
Transmission lines parameters
Length of transmission line 1 Km
Positive sequence resistance 0.1153 Q@ /Km
Zero sequence resistance 0.413 Q/Km
Positive sequence inductance 1.05 mH/Km
Zero sequence inductance 3.3 mH/Km
Positive sequence capacitance 11.33 nF/Km
Zero sequence capacitance 5.01 nF/Km
Grid parameters
Grid voltage 220 kV
Grid frequency 50 Hz
S.C level 1000 MVA
X/R 8

Rated power of wind farm 200 MW
Wind turbine type Gamesa G80
Rated power of wind turbine 2 MW
Cut-in wind speed 3.5m/s
Rated wind speed 15 m/s
Cut-out wind speed 25 m/s
Survival wind speed 55.8 m/s
Rotor diameter 80 m
Swept area by turbine blades 5027 m2
Number of rotor blades 3
Max rotor speed 1900 rev/min
Tip speed 80 m/s
Power density 397.9 w/m2
Gearbox stages 3
Gearbox ratio 1:101
Generator type DFIG
Stator voltage 690 V
Grid frequency 50 Hz
Nominal DC-bus voltage 1150 vV
Stator resistance of DFIG 0.023 p.u
Rotor resistance of DFIG 0.016 p.u
Optimal tip speed ratio (Aopt) 8.1
Optimal performance coefficient (Cp-opt) 0.48
Hub height 60 m
Tower-type steel tube
Tower shape Conical

in the market whose efficiency greater than 15% and formed
a list of the candidate modules. Based on the survey and
the selection criteria of the maximum module capacity/area,
Sanyo HIP-200B PV module with a maximum power of 200.3
W is selected in this study. Table 3 summarizes the specifi-
cation of the Sanyo PV module and the rest of the detailed
specifications are available in [14]. The modeling of the PV
module is implemented using the equations described in [15].
Also, the current-voltage (I-V) and the power-voltage (P-V)
characteristics of the selected PV module during the change
of the solar irradiation are shown in Fig. 6.

TABLE 3. The detailed specification of the Sanyo PV module.

Model Sanyo HIP-200BA20

Rated power 200.3 W
Open circuit Voltage of PV module 68.7V
Short-circuit current of PV module 383A
Voltage at the MPP 558V
Current at the MPP 359A
Number of cells in series 96
Module efficiency 17 %
Cell efficiency 19.7 %
Temperature coefficient of Voc -0.77%/ °C
Dimensions 1,319*894*35 mm
Module area 1.18 m*
Weight 14 kg

Standard Operating Conditions (SOC) T= 25 'C, G=1000 W/m’

2) BOOST CONVERTER CONTROLLER: ADAPTIVE VARIABLE
STEP-SIZE INCOND MPPT TECHNIQUE

The PV station is also controlled so that it operates at its
Maximum Power Point (MPP). In this work, an adaptive
InCond MPPT strategy is utilized to extract the maximum
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Module type: Sanyo Electric of Panasonic Group HIP-200BA20
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FIGURE 6. Characteristics of the Sanyo PV module.

power from the PV station and enhance its overall efficiency
during the change of solar irradiance. This strategy provides
efficient tracking of the MPP and avoids the drift problem
during the rapid variation of the solar irradiance. The drift
problem occurs due to the lack of knowledge in determining
whether the increase in power is due to the perturbation of the
PV module output voltage or due to the irradiance increase.
Practical ways of addressing this issue in real situations have
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been studied extensively in [16]. The proposed MPPT algo-
rithm depends on the fact that the change of power concerning
voltage (dP/dV) is equal to zero at the MPP, negative at the
right of MPP, and positive at the left of MPP. This MPPT
method can be expressed mathematically as [17]-[19]:

P=1V 2
ap = d [IV]—VdI +17 3)
av - dv o dv
dP dl 1
— =0, — = —— atthe MPP 4
av av \%
dP dl 1 .

— >0, — > —— the left side of the MPP 5)
av av \%
dP dlI 1
— <0, — < —— theright side of the MPP (6)
dv dv \"

Therefore, the MPPT technique detects the location of
the MPP by comparing the incremental conductance (dI/dV)
with the instantaneous conductance (//V). Once the MPP is
calculated, the boost converter controller adjusts the output
voltage from the PV module towards the reference voltage
(Vinpp) by regulating the converter’s duty cycle. In the con-
ventional InCond MPPT method, the step-size of the duty
cycle (D) is generally fixed. However, the larger step-size of
the duty cycle increases the response of the MPPT technique
but contributes excessive oscillations around the MPP instead
of directly tracking it, thus producing a steady-state error
and low efficiency. On the other hand, the smaller step-size
decreases the oscillations around the MPP but slows down
the dynamics of the MPPT technique. The solution to such
a design dilemma is to use a variable step-size of the duty
cycle that gets smaller towards the MPP. Fig.7 illustrates the
flow chart of the proposed variable step-size InCond MPPT
technique as compared to the conventional method. In the
proposed MPPT technique, the step-size of the duty cycle is
varied according to the location of the operating point of the
PV module so that improves the tracking speed and accuracy
of the MPPT controller. The variable step-size of the duty
cycle can be obtained as follows [20], [21]:

Pk)—Ptk—1)

D(k) =Dk —1)£N Vo —VE—T) @)

3) VSI CONTROLLER

The PV station is interfaced with the PCC busbar through
3-level, 3-phase Pulse Width Modulation (PWM) inverter.
The control scheme of the VSI is described in Fig. 8.
A Voltage-Oriented Control (VOC) system is used to main-
tain the DC-link voltage between the boost converter and
the VSI at a constant value, and also control the injected
reactive power from the PV station. The most important parts
of the VSI controller are the Phase Locked Loop (PLL),
the DC-link voltage controller, and the decoupled current
controller. The PLL estimates the grid voltage angle (6prr)
that utilized for abc/d-q transformation and to synchronize
the VSI output voltage with the PCC bus voltage [22]. As can
be observed in Fig. 8, the first control loop is the DC-link
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(b) Proposed variable step size

FIGURE 7. Flow chart for InCond MPPT algorithm.

voltage controller which applies to maintain the voltage of the
DC-link capacitor at a specified constant value (500 V). This
controller compares the measured DC-link voltage (V1)
with its reference value (Vge1—rer) to estimate the reference
d-axis component of the inverter current (I_ef).

The second control loop is the current controller which
requires the inverter output current to be transformed and
decoupled into active (I;) and reactive (/;) components,
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FIGURE 8. Control strategy of the VSI.

respectively. Generally, the active current component (1) is
applied to regulate the DC-link voltage, while the reactive
current component (/;) is utilized to control the injected
reactive power from the PV station. The current controller
compares the (I;_.r) from the DC-link voltage controller
with the (I;) to estimate the reference d-axis component of
the inverter voltage (V). Similarly, the reference g-axis
current (I;—ref) is set to zero to ensure unity power factor
operation during the normal operation conditions and it is
compared with the I, to estimate reference voltage (V,_yer).
The setting parameters of the PI controllers applied in the
VSI control strategy are provided in the Appendix. The char-
acteristics of the DC-link voltage controller and the current
controller can be determined as follows [23]:

a_ref = Kp_1 (Vae1_ref —Vae1) +Ki_1 / (Vael_ref — Vaer) dt

¥
Vi_ref = Va+ Ky 2 (Ila_rer — 1a)

+Ki» f (La_ref — 1a) dt — weLsly )
Vareg = Vq+(K, 3+Ki 3 / (Iy_ref —14) dD)+weLrly (10)

The vector control technique is implemented to control
of VSI. The vector control consists of two loops, namely
first loop and second loop. The first loop is implemented to
maintain a constant DC-link voltage while the second loop
controls of the injected current. The current loop is designed
to response faster to any disturbance comparing with the
voltage loop. The open-loop transfer function of the current
loop is given as [24]:

Ki 03 1 1
S " Lys+ Ry tpwms + 1

Giol (5) = (Kp_23) + (11)

Selecting the parameters of PI compensator of current
controller is achieved using modulus optimum technique. The
parameters of the compensator are selected to achieve unity
gain for the closed-loop system. The parameters of current
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loop’s compensator are selected to be [24]:
Ly

Ky,3) = (12)

Tpwm

Ry

K23 = (13)

pwm
The first DC-link loop is designed to maintain constant
voltage at the VSI. The DC voltage can be stabilized by gener-
ating the required power from PV array. The reference signal
and open-loop transfer function of the voltage controller are
expressed as follows [24]:
K;_ 1 1 1

)

Gyoi = (Ky,_1+ —
vol = (Kp—1 s "Tis+1Cys

(14)

where 7; is the time constant for the inner current closed loop.
Tuning the PI compensator is achieved using symmetrical
optimum technique. The concept of the selected method is
to increase the phase margin by operating the system at low
frequency which leads to slow down the dynamic response.
Since the first voltage loop should be slower than the second
current loop, this technique is suitable to tune the parameters
of PI compensator. The compensator parameters are calcu-
lated as follows [24]:

Cr

K, 1= 15

p—1 K ,_tvri (15)
K, 1

Ki—1 = ’; (16)
4

where, the voltage gain (K) equals (3V;/V,.) and the time
constant of voltage loop (1,) equals (e?;). The symmetrical
factor () needs to be in a range between 2 to 4 [24].

B. WIND FARM CONFIGURATION

1) GAMESA G80- 2.0 mW WIND TURBINE

The implemented wind farm with a total rated power
of 200 MW consists of 100 variable-speed DFIG-based wind
turbines. Based on the literature survey that has been done
in [5] about the most suitable wind turbines in different
locations in Egypt, Gamesa G80-2.0 MW wind turbine is
considered as the most feasible in Gabel El-Zeit region.
The detailed specifications of Gamesa G80-2.0 MW wind
turbine are listed in Table 2 [25]. The wind turbine model
is implemented using the equations described in [26]-[28].
Also, Fig. 9 shows the power-speed curve of the wind turbine
during the wind speed variation.

2) RSC CONTROL SYSTEM

The main task of the RSC controller is to track the maximum
power of the wind turbine during the wind speed variation and
control the injected reactive power from the DFIG stator into
the grid. The Stator Flux-Oriented Control (SFOC) strategy
is adopted to implement the decoupled control scheme of the
RSC. This control technique requires the three-phase rotor
current (I 4pc) to be transformed and decoupled into the
d-q axis components (Ig-, I;-). Therefore, the stator active
power (Py) can be controlled through the [, while the
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FIGURE 9. Power-speed curve of Gamesa G80-2.0 MW wind turbine.

stator reactive power (Qg) can be regulated by the I as
follows [29]:

3 . 3L .
Py = E [_Vqslqs] = 2_Lr: [weq)dslqr] an
3w, Py
Qs = —— (Pus = Lulay) (18)
L

The control system of the RSC is described in Fig. 10. The
vector technique is implanting based on its stability feature
and rapid disturbance rejection. The g-axis component of the
rotor current (/) is used to track the peak power of the wind
turbine during the change of wind speed. Thus, the I, s
created from the rotor speed controller is compared with the
I, to generate the Vi _,r. On the other hand, the d-axis
component of the rotor current (Iz-) is used to regulate the
DFIG stator reactive power, where the reference value (Qyef)
is imposed to zero to maintain the wind farm at unity power
factor. Then, the 14— ,f generated from the reactive power
controller is compared with the I, to estimate the Vg _yer.
The parameters of the RSC gains are listed in the Appendix.
The RSC controller can be described as follows [30], [31]:

[dr_ref = Kpr_l (Qref - Qs) + Kir_l / (Qref_Qs) dr (19)

Vdrfref = Kpr72 (Idrfref - Idr) + Kir72'/ (Idrfref - Idr) dt
- (a)e - wr)GerIqr (20)

Iyr st = Kor 3(@p—0p) + Kir 3 / @rgon)dt Q1)
Vqrref = KP”A (Iqrref - Iqr)
2

Ly .
+ Kir_4 (Iqr_ref - Iqr) dr + (a)e—wr)(L_lms

A

+ Uerldr) (22)

3) MPPT CONTROLLER: MODIFIED P&0O MPPT TECHNIQUE

The MPPT technique is broadly used in the Wind Energy
Conversion System (WECS) to extract the maximum power
by searching the optimal operating point during the wind
speed variation. In this work, a modified P&O MPPT strategy
is implemented to capture the maximum power from the wind
farm and enhance its overall efficiency during all the environ-
mental conditions. This strategy has the advantages of being
flexible, simple, more reliable, and easy for implementation
since it does not require either prior knowledge of the wind
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FIGURE 10. Control system of the RSC.

speed measurements or the wind turbine parameters [32]. The
operating principle of this algorithm is based on perturbing
the DFIG rotor speed (w,) in certain step-size and observing
the resulting change in the wind turbine output power (P,,) to
decide the subsequent perturbation direction until the MPP is
achieved. If the generated power is increasing, the next per-
turbation is continued in the same direction (the sign of next
perturbation is maintained), and it is reversed in the opposite
direction otherwise. However, the conventional P&O MPPT
technique has some demerits such as efficiency/rapidity
trade-off and the divergence from the maximum power dur-
ing the rapid variation of wind speed. Therefore, the large
step-size of change in rotor speed enhances the rapidity of the
controller to reach the MPP but contributes large oscillations
around this point, and thus reducing the system efficiency.
On the other hand, the small step-size improves the system
efficiency but slows down its dynamic to reach the MPP, and
therefore the algorithm may be incapable of extracting the
peak power during the fast fluctuation of wind speed [33].

To overcome the aforementioned problem of the conven-
tional P&O method, this paper proposes a modified P&O
MPPT strategy based variable step-size to extract the max-
imum power from the wind farm. Fig. 11 demonstrates the
operating principle and the flow chart of the proposed P&O
MPPT technique. The idea behind this technique is to vary the
direction and step-size of the perturbation in the rotor speed
according to the distance between the operating point and
the optimal MPP. Also, the step-size gets smaller when the
output power is closer to the MPP to eliminate the oscillations
around this point [34]. Therefore, this modified P&O MPPT
algorithm creates a proper trade-off between the system effi-
ciency and the tracking speed during the fast change of the
wind speed.

4) GSC CONTROL SYSTEM

The GSC controller sustains the voltage of the DC-bus capac-
itor constant by keeping the balance between the active power
flows from the RSC (P;;) and the injected active power
from the GSC (Pgsc), as illustrated in (16)-(17) [8]. Also,
it regulates the reactive power exchanged between the back-
to-back converter and the electrical grid. Voltage-Oriented
Control (VOC) system is utilized to achieve the decoupled
control scheme of the GSC.
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FIGURE 11. Proposed variable step-size P&0 MPPT technique.

Therefore, the injected active power from GSC (Pgsc) and
the DC-bus capacitor voltage (Vg42) is controlled by the Idg,
while the transferred reactive power from GSC (Qgsc) is
adjusted through the Iqg as follows [35], [36]:

1
W= / Pacdi = 3CaVae 23)
dVaer Pyc
S _Tde  pu—= Py — P 24
o Vi de in GSC (24)
o, Nac2 _ 3m, (25)
2 dt = 4«/§ dg or
3 3
QGSC = E (Vqldg - leqg) = _Evdlqg (26)

The control system of the GSC is illustrated in Fig. 12.
The d-axis component of the GSC current (Iz,) is used to
maintain the voltage of the DC-bus capacitor at its reference
value (1150 V). Thus, the I, generated from the DC-link
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FIGURE 12. Control system of the GSC.

voltage controller is compared with the I, to generate the
(Vdg—rer)- On the other hand, the g-axis component of the
GSC current (I4) is utilized to control the reactive power
transferred to the grid through the back-to-back converter.
During the normal operation conditions, the (I;g—ref) is set
to zero to ensure unity power factor operation. The setting
parameters of the PI controllers used in the GSC control sys-
tem are provided in the Appendix. Then, the I, is compared
with the reference I;5 e to estimate the Vg rer. The GSC
controller can be expressed as follows [35]:

Idg ref = pg I(VdCZ ref — Vdc2)+Klg 1/(Vd62_ref_vdc2) dt

27
Vigry = Kpg2 (Lig_ref — lag) + Kig 2 / (Lig_ref — lag) dt
+Va+ a)eLchokqug (28)

ngm_/ = Kpg_s (qu,ref - qu)

+Kig 3 / (qu_ref - qu) dt — WeLchokeldg (29)

IV. SIMULATION RESULTS AND DISCUSSION

The proposed hybrid power system as shown in Fig. 5 is
implemented and simulated using MATLAB/SIMULINK
environment to validate the effectiveness of the proposed
MPPT techniques and the robustness of the control strategies
during the external disturbances. Moreover, actual variations
of the solar irradiance and the wind speed in Gabel El-Zeit
region are analyzed as a case study of realistic changes in the
climatic conditions. This section is divided into three parts
1) performance of the PV station under the solar irradiation
variation 2) performance of the wind farm during the change
of the wind speed 3) hybrid power system performance at the
PCC busbar.

A. PV STATION PERFORMANCE

In this subsection, the dynamic performance of the
PV station during the real variation of the irradiance in
the study region is discussed to evaluate the efficiency of
the proposed InCond MPPT technique and the VSI con-
trol strategy. Fig. 13 (a) shows the monthly average solar
irradiance in Gabel El-Zeit region [13]. The solar radiation
varies from 182.8 W/m? in winter months to 359.7 W/m?
in summer months. Fig. 13 (b) depicts the output voltage
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FIGURE 13. PV array side results.

of the PV array. It can be noticed that the proposed MPPT
controller converges correctly the operating voltage of the PV
array towards the V,,,, that corresponds to each irradiance
level. Fig. 13 (c) shows that the PV array current follows the
same scenario of the solar irradiance variation. The current
increases significantly from 63.95 A to 128.6 A, in response
to the change of the irradiance from 182.8 W/m? in January to
359.7 W/m? in June. Then, the PV array current drops
sharply to 59.6 A as the irradiation decreases considerably to
172 W/m? in December. As shown in Fig. 13 (d), the MPPT
control strategy tracks accurately the MPPs. Therefore, the
output power of PV rises from 18.1 kW in January to its
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maximum value (36.35 kW) in June, then it decreases to its
minimum value (16.9 kW) in December.

Consequently, the effectiveness of the VSI control system
is validated. Fig. 14 (a) illustrates that the DC-link voltage
controller adjusts successfully the voltage of the DC-link
capacitor at its reference value (500 V) regardless of the
solar irradiance variation. Fig. 14 (b) depicts the action of the
current controller. It can be seen that the active current com-
ponent (I;) varies with the level of solar irradiance, while the
reactive power component (/) coincides with its reference
at zero value to maintain the VSI at the unity power factor.
Fig. 14 (c) ensures the synchronization of the VSI current (/)
with the voltage (V).
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FIGURE 14. Dynamic action of the VSI controller.

Fig. 15 illustrates the dynamic performance of the PV
station at the B1-bus. Fig. 15 (a) shows that the injected
3-phase current from the PV station follows the variation of
the generated active power since the voltage remains con-
stant and synchronized with the grid voltage, as depicted
in Fig. 15 (b). Also, Fig. 15 (c) demonstrates the injected
active power and reactive power from the whole PV station.
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FIGURE 15. Dynamic performance of the PV station at the B1-bus.

It can be observed that the injected active power changes
according to the level of solar irradiance. Therefore, the active
power increases significantly from 8.9 MW in January to its
maximum value (17.9 MW) in June, then it falls drastically
to the minimum value of 8.2 MW in December. On the other
hand, the delivered reactive power is kept at zero to sustain
the PV station at the unity power factor.

B. WIND FARM PERFORMANCE

This subsection investigates the dynamic behavior of the
wind farm under the actual change of the wind speed in
Gabel El-Zeit region. The performance is analyzed to eval-
uate the action of the RSC and GSC controllers and vali-
date the effectiveness of the proposed P&O MPPT strategy.
Fig. 16 (a) shows the monthly average wind speed at 60 m
hub height in the study area. The wind speed ranges between
12.44 m/s in November and 15.62 m/s in June with an annual
average value of 14.08 m/s. Fig. 16 (b) shows the tracking
response of the rotor speed to extract the maximum power
during the wind speed variation. The rotor speed rises from
167.9 rad/s to 201.5 rad/s, in response to the increase in the
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FIGURE 16. Gamesa wind turbine results.

wind speed from 13.18 m/s in January to 15.62 m/s in June.
Then, it decreases gradually until reaching the minimum
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value of 164.7 rad/s in November that corresponds to the
lowest wind speed (12.44 m/s). Also, Fig. 16 (c) demonstrates
that the DFIG torque converges accurately towards the MPP
of the wind turbine torque. The wind turbine characteristics
such as the tip speed ratio (1) and the performance coefficient
(Cp) are presented in Fig. 16 (d, e), respectively. It can be
noted that the tip speed maintains at its optimal value (8.1)
irrespective of the wind speed variation. Besides, as compared
to the conventional MPPT method, the proposed P&O MPPT
technique successfully sustains the optimal value of the per-
formance coefficient, C, = 0.48 [37], which illustrates that
the rotor speed is well controlled to capture the maximum
power. The performance coefficient is an excellent indication
of the wind turbine efficiency.

The effectiveness of the GSC and RSC controllers is
validated. Fig. 17 (a) illustrates that the GSC controller
has successfully stabilized the DC-bus voltage (V) to the
desired value (1150 V) regardless of the wind speed change.
Moreover, Fig. 17 (b) ensures the credibility of the RSC
and GSC controllers in keeping the DFIG operation at the
unity power factor since the injected current (/) is in the
same phase with the DFIG voltage (V). The following fig-
ures demonstrate the dynamic performance of the wind farm
at the B2-bus. Fig. 17 (c) shows that the injected 3-phase cur-
rent from the wind farm follows the change of the generated
active power since the voltage maintains constant and it is
synchronized with the grid voltage, as depicted in Fig. 17 (d).
Also, Fig. 17 (e) shows the injected active power and reactive
power from the wind farm. It can be seen that the generated
active power varies according to the level of wind speed.
Therefore, during the first half of the year, the active power
increases dramatically from 127.6 MW in January to the rated
value (200 MW) in June, then it decreases gradually until
reaching the minimum value of 112.4 MW in November.
On the other hand, the injected reactive power is kept at zero
to maintain the wind farm at the unity power factor.

C. HYBRID POWER SYSTEM PERFORMANCE AT THE

PCC BUS

In this subsection, the dynamic performance of the hybrid
power system at the PCC bus is discussed. Fig. 18 (a) illus-
trates the injected active power into the electrical network
from each generation source when the other source is discon-
nected. It can be seen that both the PV station or the wind
farm will continue to provide its maximum output power
even though the other power source is failed. Fig. 18 (b)
shows the monthly electricity production from the PV station
and the wind farm in the hybrid renewable energy system.
It can be noted that the total annual electricity generation
from the hybrid power system is 1509.85 GWh/year. From
this total annual electricity production, 118.15 GWh/year
(7.83 %) generates from the PV station and 1391.7 GWh/year
(92.17%) comes from the wind farm. Also, the maxi-
mum electricity generation can be obtained in June with
165.1 GWh (152.2 GWh from the wind farm and 12.9 GWh
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FIGURE 17. Dynamic performance of the wind speed at the B2-bus.

from PV station), while the lowest electrical energy genera-
tion occurs in November with 86.1 GWh.
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FIGURE 18. Performance of the hybrid system at the PCC bus.

Fig. 18 (c) shows the injected active power and reactive
power from the hybrid power system into the electrical grid.
It can be noticed that the generated active power increases
significantly from 136.5 MW in January to the maximum
value (217.9 MW) in June, then it decreases gradually
till reaching the lowest value (120.6 MW) in November.
Moreover, the used control strategies keep successfully the
injected reactive power at zero to sustain the hybrid power
system operation at the unity power factor. Fig. 18 (d) demon-
strates that the used control strategies sustain always the
PCC bus voltage constant regardless of the magnitude of
the generated active power and the variations of climatic
conditions. Fig. 18 (e) depicts the injected current from the
hybrid power system into the electrical grid. The change
of current amplitude reflects the variation of injected active
power as the hybrid system voltage remains constant. Fig. 18
(f) illustrates the frequency of the generated power which
coincides with the Egyptian grid frequency (50 Hz).
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V. CONCLUSION

This paper presented the detailed design, control strategy, and
performance analysis of 250 MW grid-connected PV/wind
hybrid power system in Gabel El-Zeit region, Egypt. This
area is characterized by a good level of solar irradiation with
an annual average value of 199.75 kWh/m” and powerful
wind speed with an average value of 14.08 m/s at 60 m hub
height. The proposed hybrid power system consists of 50 MW
PV station based Sanyo HIP-200B PV module and 200 MW
wind farm based Gamesa G80 wind turbine and it is inte-
grated with the grid through the main PCC bus to support the
system performance. The hybrid power system is adjusted to
work at the unity power factor and also the MPPT algorithms
are applied to capture the optimum power from the hybrid
system under the changes of climatic conditions. Adaptive
InCond MPPT technique based variable step-size is applied
to the boost converter to extract the maximum power from the
PV station during the solar irradiance variation. On the other
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hand, a modified P&O MPPT strategy is implemented on the
RSC of DFIG to obtain the maximum power from the wind
farm during the change of wind speed.

Moreover, this paper analyzed the actual monthly changes
of solar irradiance and wind speed in the study area to
evaluate the dynamic performance of the hybrid system and
validate the efficiency of the proposed MPPT techniques and
the control systems. The simulation results have illustrated
that the proposed InCond MPPT algorithm tracks accurately
the MPPs, where the PV station power increases significantly
from 8.9 MW in January to its maximum value (17.9 MW) in
June, then it falls drastically to the minimum value of 8.2 MW
in December. Also, the DC-link voltage controller of the VSI
adjusts successfully the DC-link voltage at its reference value
(500 V) regardless of the solar irradiance variation.

Furthermore, the proposed P&O MPPT strategy sustains
the optimal value of the wind turbine performance coefficient,
Cp, = 0.48, to extract the maximum power from the wind
farm during the change of wind speed. Therefore, the active
power rises dramatically from 127.6 MW in January to the
rated value (200 MW) in June, then it decreases gradually
until reaching the minimum value of 112.4 MW in November.
Besides, the GSC controller has successfully stabilized the
DC-bus voltage to the desired value (1150 V) regardless of
the wind speed change.

Additionally, the simulation results have shown that the
total annual electricity generation from the hybrid power
system is 1509.85 GWh/year, where 118.15 GWh/year
(7.83 %) generates from the PV station and 1391.7 GWh/year
(92.17%) comes from the wind farm. Moreover, the control
system always maintains the hybrid power system at the unity
power factor as the injected reactive power is kept at zero.
Also, the PCC bus voltage is sustained perfectly constant
irrespective of the changes in climatic conditions and the
magnitude of generated active power.

APPENDIX
See Table 4.

TABLE 4. Pl controllers’ parameters.

DC-link voltage control 1]?’" 880
The VSI gains i1
K, 0.3
K, 20
Current control K., 03
Kis 20
K1 1
i K, 0.05
d-axis current control Koo 0.6
The RSC gains K. 8
Speed controller Kyrs 1
P Kis 0.2
i Ky 0.6
q-axis current control K., g
Ko 8
d-axis current control 11?3" g%‘;
i pg-2 .
The GSC gains P :
i Ky s 0.83
g-axis current control Ko p
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