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Abstract: - Renewable energy resources are a favorable solution for the coming energy. So, a great interest has
been paid in the last decades for developing and utilizing renewable energy resources as wind energy. As it has
a large energy contents and, particularize with the availability, but the major problems of it are represented in
unmatched with load demand because the intermittency and fluctuation of nature conditions. Many studies
focused on the new strategy of using Battery Storage System (BSS), and solving some problems that affect the
DC bus voltage and the BSS by using Electrochemical Double Layer Capacitor (EDLC). Their capability is to
store energy to realize the objective of time shifting of surplus energy with a high efficiency. The article main
objective is to model, simulate, design, and study the performance of a Stand-Alone Wind Energy System with
Hybrid Energy Storage (SAWS-HES). Thus, a complete model of the proposed system is implemented
including a detailed modeling procedure of the HESS components. In addition to the main contribution, a study
of the performance of EDLC only as a storage device that has fast response device integrated to the suggested
system then it hybridized with the BSS. The HESS has the capability to compensate the DC bus voltage in the
transient conditions and gives good stability for the system. The SAWS-HES utilizes one main renewable
energy resource as wind turbine and overall model is employed under MATLAB/Simulink including a
developed simple logic controller. The SAWS-HES simulation results presented a promising performance and
have a satisfied performance in meeting the end load demands at different operation conditions. This ensures
the SAWS-HES reliability and the effectiveness with HES and the controller in stand-alone operation
formulating an excellent solution for the renewable energy systems.
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1 Introduction generator because of its self-excitation capability,
Wind energy is one of the important types of high efficiency operation [4] and do not need
renewable energy as it is clean, inexhaustible and gearbox to match rotor speed and WT that mean
has low running cost [1-3]. Wind is created or lower faults, more reliability and less maintenance
generated due to the different temperature of [5] . )
the atmospheric layers because of the sun Now, the world is turning to renewable
radiation effect, wind energy may be transformed energy, instead of conventional methods of
to electric energy by using electric generators with a generating the electrical power that is a result
Wind Turbine (WT). This study exhibits of the environmental side effects of the use
the construction of the Wind Turbine of conventional sources as the fossil fuels. One
based Permanent Magnet Synchronous of the most important sources of it is the
Generator (WTPMSG), the working principles of wind energy, and currently, the biggest challenge is
it, the features of this type , the components to improve and develop the performance of
of WTPMSG, voltage and current characteristics, wind energy systems to be better in application
the power flow, finally, the modeling, simulation and economic terms. One of the greatest
of WTPMSG and the resulted curves of ways to improve wind systems is to use of
output power and operating voltage. PMSG is energy storage systems to achieve an integrated,
preferred instead of doubly feed induction and more reliable and stable system [6 -7].
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There are various Energy Storage Devices (ESDs),
such as Battery Storage System
(BSS), Electrochemical Double Layer Capacitor
(EDLC) and Hybrid Energy Storage System
(HESS) devices. HESS is considered the
most widely used to avoid the known problems of
renewable systems, such as intermittency and
natural  fluctuations, to meet the Iload
demand without problems to become more stable
and reliable system [8-9].

This paper is organized as follows. Section
2 presents the simplified electrical model of
the wind power plant including the EDLC, BSS
and HESS and its associated  control
strategy. Computational simulation and optimization
of SAWS-HES using HOMER Pro software
are  presented in  Section 3.  Finally,
Section 4 summarizes the simulation results of
two different case studies, while Section 5 draws
the conclusion.

2 System Description and Modeling
The configuration of the proposed wind power
plant including the HESS is shown in Fig. 1. All
component of power plant and the energy storage
units are connected to a common DC bus through
DC-DC converters. The common DC bus is
connected to load through an inverter.

. Rectifier

DC/DE comverter

Load side

EOAVSrtar Distribution line

Wind

—
—
—

ne/ne
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Fig. 1. The schematic diagram of SAWS-HES

2.1 Wind Turbine based

Permanent Magnet Synchronous Generator
This part introduces an overview of WTPMSG that
is shown in Fig. 2, the modeling and simulation of
WTPMSG, the drive train and PMSG, the
simulations with MATLAB/Simulink program have
been performed. Wind turbine converts the power of
wind to mechanical torque that calculated from
mechanical power of turbine and the value of wind
power depends on the wind speed and it can be
calculated from the equations (1) to (5) [10-12].

Py =05 pcﬂﬁ‘f,s 1)
Py = PyiCpyw(4,B); Cpy < 1 2
Py = 0.5 pAD35Cpy (4, B) 3)
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Where P, and Py, are the wind turbine power and
mechanical output power in (W), respectively, p is
the density of air in (kg/m?), A is the swept area in
(m?), 9, is the speed of wind in (m/s) and Cp,, is
the wind turbine coefficient of performance that
calculated from function of the pitch angle of the
blades (f3) and the tip speed ratio().

For the stabilization of small-scale wind energy
conversion system studies, in this paper a Two Mass
Drive Train (TMDT) model is utilized because the
mass of turbine and the mass of generator are
associated together by a shaft, the dynamic
equations from (6) to (9) are describing the relation
between the torques that produced by WT (T,,) and
PMSG (Tg ) [13].

d(l)t

To—Tos = 2t (6)
W = Wgen = 508 ()
Tgs = Ty = 2] b ®)
Tos = Ko + 350 ©

Where Tgs and T, are the shaft and generator
torques, respectively in (P.U.); w; and wgey, are the
turbine and generator speed ,respectively in
(P.U.); wep, is the electrical base speed in (rad/s) ; J;
and J, are the turbine and the generator inertias (s),
respectively ; 6; is the shaft twist angle in (rad), K¢
is shaft stiffness coefficient in (P.U./el.rad) and ¢; is
damping coefficient in (P.U.s/el.rad). The electrical
model of PMSG of the system derived from g-d
synchronous reference fame. Where, the d-axis is to
be adjusted to the flux of the stator and the overall
system can be illustrated according to equations
from (10) to (12) [10-12].

1 dWys .

Deb d: = Ugs1 T Rsigs + wgenlpqs (10)
1 dWgs .

©ob d: =Ugs1 T Rslqs - wgenlpds (11)
Where

Wys = —fasias — Pm » qus = _quiqs (12)

Where vgs; and vge, are the voltage of the
generator components at direct and quadrature axis,
respectively, Ry is the resistance of the stator, igs
and iqs are the current of the stator components at
direct and quadrature axis, respectively, wgp the
base angular speed in (rad/sec), wgen is the
generator speed, Wys and Wy are the flux linkage
components at direct and quadrature axis,
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Fig. 2. The WTPMSG schematic diagram by MATLAB/Simulink

respectively and €45 and €4 are the stator leakage
inductance components at the at direct and
guadrature axis, respectively [14].

This part models the WTPMSG according to the
previous mathematical equations of wind turbine,
TMDT and PMSG, this system modeled in
MATLAB/Simulink and the schematic diagram of
the system is shown in Fig. 2, it consists of the WT,
TMDT, 10 poles PMSG, and pitch angle control.
The rated power of WTPMSG is 6 kW and the
parameters of the system are from APPENDEX 1
[15].

2.2 Lead-Acid Battery Model

This type of batteries consists of lead metal
as positive electrode and a negative electrode with
a separator to isolate both electrodes. Sulfuric
acid is utilized as electrolyte to give the sulfate ions
for the responses of discharge. It is utilized for
some applications as energy storage for
power quality, Uninterruptible Power Supply (UPS)
and intermittent renewable energy  sources.
However, short cycle life (500-1000cycles) [16]
and low energy density (30— 50 Wh/kg) [16] are the
problems of it. This type is with 20% Depth of
Discharge (DoD) [17].

2.3 Electrochemical Double
Capacitors

EDLC is a good unconventional device to any
applications that requires ESD because of many
advantages as charge/discharge efficiency (90%-
95%), long lifetime about 8-12 years, fast response,
and wide operating temperature range because it can
operate from -40°C to 70°C [18-19]. It is
additionally concluded that EDLC technology is
only useful within a limited range of energy
and power needs. Outside of this limited range,

Layer

E-ISSN: 2224-350X

43

the other options of energy storages systems appear
to be great alternatives. Considering an EDLC of a
capacitance C in Farads with initial voltage vgc; in
volts before discharge process and final vgc¢ in
volts after discharge process, the net electrical
energy Egc extracted or stored in the EDLC in Joule
can be computed by Eqg. (13).

Esc = %C(Ugc,i — Ve (13)

As well known, an EDLC bank consists of a
configuration of series and parallel capacitors called
a bank to produce the desired rated terminal voltage
and capacity. A simple model, as shown in Fig. 3,
was suggested for a double- layer capacitor that
includes a capacitance (C) with an Equivalent Series
Resistance (ESR) and an Eequivalent Parallel
Resistance (EPR) [20], where ESR is the equivalent
series resistance in ohm( Q ) which represents the
charging and discharging resistance and EPR is the
equivalent parallel resistance in ohm ( Q ) which
represents the leakage or self-discharging losses
occurring in the EDLC in case of long-term energy
storage.

ESR
C

EPR

Fig. 3. The classical equivalent circuit of an EDLC [21]
For a bank EDLC, the total equivalent capacitance
Ciota1 and the total equivalent series resistance
ESRota; Can be calculated from Eg. (14) and Eq.
(15), respectively, as follows [22]:
C

Ciotal = Ngcp oo (14)
ESR

ESRtotal = Dses (15)
sc,p
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Where ng., and ng. s are the number of parallel
and series EDLCs in the bank, respectively.

3 Computational Simulation and
Optimization of a SAWS-HES Using

HOMER Pro Software

The proposed Stand-Alone Renewable WT
System described in this part is supposed to be
located at Al-Kosair, Egypt. A stand-alone power
system in its general meaning can be defined as an
autonomous  micro-grid  system  that can
provide electrical energy to load without connected
to electrical grid. The proposed project is
wind turbine connected to energy storage system.
This system needs to get the optimal sizes of its
main components, namely the wind turbine
with BSS, EDLC or HESS to ensure its feasibility.
That is can be done by a commonly used approach
called HOMER optimization software
as described in details in next section.

3.1 HOMER Pro Software

The optimal sizing and costing of the components
of the proposed system can be done by utilizing
HOMER (Hybrid Optimization of Multiple Energy
Resources) pro software (version 3.13.6 [23]) which
is developed by U.S. National Renewable Energy
Laboratory (NREL). Simulation of HOMER pro can
be done for grid connected the energy storage
systems with different type of load profiles as
shown in Fig. 4 [24-25].

HOMER Pro Software
(3.136)

Sources of Power

Energy Storage

Biogas Generators
Biomass

o Wind Turbine o Battery System o Daily Profiles with
o Solar PV o Super Capacitor Seasonal Variation
o Hydro o Hydrogen Tank o Thermal Load

o Fuel Cell o Flywheels ¢ Hydrogen load

o Electric Grid o Electric Grid o Deferrable

o Diesel Generators

L]

.

Fig. 4. HOMER pro components types

3.2 Area of Study and Its Resources

The proposed Stand-Alone Renewable Power
System (described in this study is supposed to be
located at Al-Kosair, Red sea governorate, Egypt
which is located of 26° 6.1' N and 34° 15.8' E on the
map that shown in Fig. 5. The selected area of study

E-ISSN: 2224-350X

44

T. A. Boghdady, S. N. Alajmi,
W. M. K. Darwish, M. A. Mostafa Hassan,
A. Monem Seif

wind speed data is obtained from NASA surface
meteorology database. Wind speed at 50m above the
surface of the earth monthly average values over 10

years period is shown in Table 1.
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Fig. 5. The selected study area location in Al-Kosair, Red
sea governorate, Egypt

Table 1. Monthly average wind speed data

Month Average wind speed (m/s)
January 5.440
February 5.330

March 5.670

April 5.670

May 5.690

June 5.990

July 5.280
August 5.250
September 5.390
October 5.070
November 4.700
December 5.220
Annual average 5.390

3.3 Load Profile of this Study

The optimization process is done over one year
period with a resolution of one minute as a time
step. It takes in consideration the economic such as
the maintenance-operation cost which taken as a
percent of each component capital cost in the
system, the inflation rate and discount rate are
considered to be 2% and 5%, respectively. The
simulated load profile was pre-developed in
HOMER pro software. The profile has been scaled
to the rating of 2 kW peak and daily consumption
value is 11.27 kwh/d. The random day-to-day
variability is considered to be 10% and the load
variation over the full year period is shown in Fig. 6.
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Fig. 6. The virtual load variation over the full year.

3.4 Parameters of Components and Units of
the System

In the system structures, the load is connected to
the AC bus. A WT power system and an energy
storage unit are connected to the DC bus. the list of
parameters for each component that utilized in the
proposed system in the design, Sales prices for
capital, replacement, operation and maintenance
(O&M) costs of WT, battery, EDLC and
converter [26-28] and the necessary parameters for
simulation are shown in Table 2.

Table 2. Design parameters of components and units

of system

component Parameters Descriptions
Rated capacity 6 KW
Manufacturer Bergey Wind power

WT with Model Bergey Excel 6-R

rectifier Capital cost 4500 US/kWh
O&M cost/year 90 US/kWh
Replacement cost 840 US/kWh
Life time 25 years
Type Lead acid
Manufacturer Generic
Nominal voltage 12v
Nominal capacity 1kWh

BSS Capital cost 300 US/kWh
O&M cost/year 6 US/kWh
Initial state of charge  100%
Minimum state of 20%
charge
Manufacturer Generic
Nominal voltage KAV
Energy stored 3.75Wh
EDLC Ratgd capacitance 3000F

Capital cost 20000 US/kWh
Initial state of charge  100%
Minimum state of 20%
charge

3.5 Cost Optimization Methodology

HOMER optimization technique depends on the
cost of each singular component of the system under
study. HOMER simulates each system configuration
to reach to the best system size and the lowest price.
Here, the total cost Cg to be optimized is a function
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of the cost of each individual component, definitely
the cost of wind turbine Cyy , the energy storage
system Cgss , the Converter Cony , all of those are
formulated in equation (16) as follows [29-30].
Cs = Cwr + Cgss + Ceonv (16)
The cost of above components be determined by its
initial and running cost and it can be calculated by
equation (17).

Cj = Nj * [Cap.C; + (Rep.C; x NR;) + OMC;| (17)

where j refers to an individual component of the
System, N; refers to the number or size of the
component, Cap.C; represents the capital cost
component, ReP. C; represents the replacement cost
of the component, NR; is the number of
replacements of the component and OMC; represents
the operation and maintenance cost of the
component. The capital cost components,
replacement and maintenance cost values, those
were considered and utilized in the process of the
sizing optimization are listed in Table 2 [24, 31].

3.6 HOMER Results

HOMER optimization process for the WT and
energy storage system has been performed
according the aforementioned configuration with the
above-mentioned load profile. The overall results of
HOMER Pro simulation model with a 6 kW rated
capacity WT system are presented in Table 3, cost
optimization results of a 6 kW rated capacity WT in
case of using BSS only and in case of using EDLC
only are presented in Tables 4 and 5 respectively.
The Net Present Cost (NPC) of the WT system with
BSS is 53,275 $ for a life time of 25 years and its
energy losses are about 6% from total consumption.
NPC of the same system but with EDLC is 721,239
$ for the same lifetime and its energy losses are
about 4.2% , it is noted here the NPC in the case of
the system with EDLC is about 14 times of the NPC
in the case of the system with BSS but it reduced the
energy losses about 1.8%.

The electrical power generated by WT is used to
feed the AC primary load. The average consumption
of the AC primary load is 4112 kWh/year. The
monthly average electricity production of the WT
system is shown in Fig. 7; it shows the goodness of
the wind potential of the suggested location over the
full year period, which confirms a good yield of
wind energy production. The optimal size of BSS is
40 batteries of 1kwh (Lead acid battery) and the
State of Charge (SoC) of BSS and also from the
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HOMER optimization results the optimal size of
EDLC for the same conditions is 9120 cells of
3000F EDLC ,3.75Wh per cell.

Table 3. Optimization results for the system

Production Summary

Bergey Excel 6-R(WT)( kWh/yr) | 13,410
Consumption Summary
AC Primary Load (kWh/yr) | 4112
Result Data in case of using BSS
Energy Out percentage from total
consSletionp ’ 24%
Losses percentage from consumption 6%
Result Data in case of using EDLC
Energy Out percentage from total
consS%ptionp ’ 24%
Losses percentage from consumption 4.2%

Table 4. Optimization results for WT with BSS

Architecture Cost
wr | B | Converter NPC COE Opi:’;'”g C';‘F')tl';ll
S (kw) ($) ($)
($/yr) ($)
1 40 2.08 53,275 | 0.739 780.00 39,603
Table 5. Optimization results for WT with EDLC
Architecture Cost
Operating Initial
WT EDLC Corz\k/\i;;er l\(l;’)c C(S)E cost capital
($/yr) ($)
1 9120 2.04 721,239 | 10.01 540.00 |711,774
1
"
12
1
£os
06
o
02
0

Mo B My R My M

Fig. 7. The monthly power production of the WT system
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4 The SAWS-HES Simulation Results

and Discussion

The SAWS-HES simulation is achieved under
MATLAB/  Simulink  version:  9.1.0.441655
(R2016b) Simulink that is running on an Intel ®
core ™ i3-3217U CPU, 1.8 GHz, 8 GB RAM
Laptop. Even so, the dynamic model in the
simulation needs a long time for its stiff structure of
the model and the included complex and non-linear
systems of the parts of the whole system. The
SAWS-HES main partition of its control scheme is
built to keep the DC bus voltage constant within
suitable limits because the DC bus is the backbone
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of the proposed system. The  system
components such as the WT and HES are operating
at different voltage levels and types. Therefore, its
output voltages must be controlled and adapted to
the range of the 120v DC voltage to be provide the
DC bus. Then the DC voltage is fed a DC load or
connected to an inverter providing the AC load.

In the event of shortages in the renewable source
there is a need for the energy storage system. So, the
storage system compensates the difference between
the demand of load and the generated power. The
energy storage system components are operating at
different voltage levels rather than the DC
bus voltage. Thus, there is need for utilizing
conditioning circuits to link the above stated
components of DC bus. Conditioning circuits
regulate the voltages from or to the DC bus and they
are playing a vital role in applying the power control
of the SAWS-HES.

4.1 The SAWS-HES Simulation with BSS
Only

The first case of the SAWS-HES simulation with
BSS only had to be run for 10s with a condition of
the wind turbine operating at wind speed of 12 m/s.
The WTPMSG produces more than enough
power higher than the load demand previously set at
5 kW and the BSS SoC is about 44.5%. The system
simulation process reaches the steady state at time
less than 1 sec. A scheduled increase in the end load
demand of 5 kW to 10 kW had been made to check
the system effectiveness and stability of the
controller and the conditioning circuits. The system
keeps the DC bus voltage at preferred limits
to ensure the system reliability to feed the end load
demand with a high quality of delivered voltage.
The end load power demand curve is depicted in
Fig. 8. The corresponding renewable extra output
power that exceeds the end load power demand is
fluctuating from 5 kW to 10 kW at the time of 4
sec. Which is enough to operate the BSS to
discharge. In Fig. 9 which describes the state of the
BSS current which matching with
power fluctuations to compensate the drops, and in
Fig. 10 which describes the state of the DC bus
voltage and there is a small negligible drop in
voltage from 115v to 109v for 3 seconds that
ensuring the quality of the strategy in providing a
stable DC bus voltage and good quality of delivered
power to end load. Figures 8 to 10 describe the
status of the BSS conditions and the DC bus voltage
stability and notches that are reached to 75v and
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123v due to the rising of load and reducing it
respectively when utilize BSS only.

12000 |
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Fig. 8. The end load power demand
(@)

Current (A)

f &
S
T

8 - 8
_,:r—\

eVl

o J !
%118( 1
S -

| ! J

114k

S w5

Quaass
[0}

| T
0 1 2 3 4 5 6 { 8 9 10
Time ()
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Fig. 10. The DC bus voltage with BSS only

The previous displayed simulation results show
the behavior of the system in case of using BSS
only, For this case the BSS gets steady state Hardly
in a split second at the time of 4s when the load
raised suddenly as shown in Fig. 9 and also, DC bus
voltage reaches to steady state with settling time that
can be shown in Fig. 10 at times 4s and 7s, from the
previous results there are some problems appeared
when using BSS only as an energy storage that may
be effects on the sensitive and important loads.

4.2 The SAWS-HES Simulation with BSS
and EDLC

In this case of the SAWS-HES simulation with
both the BSS and the ELDC, which is HESS had to
be run for 10s is performed at a condition that the
WTPMSG with wind speed about 12 m/s. The load
demand power is presented in Fig. 8 and the state of
charge of the EDLC and the BSS are considered in
this simulation 54.3% and 44.5 %, respectively. At
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the time of 4s an extraordinary transient increase in
load demand by 5 kW had been made and the total
load demand to 10 kW. As a result, the system
succeeded to adjust its operating point and share the
increase between the WT system and the HESS as
depicted in Figures 11 and 12. Finally, the resultant
effects on the DC bus voltage are shown in Fig. 13,
there is a very small negligible drop in voltage from
118v to 116v. Those Figures show a fast restoration
and reasonable performance of the steady state
condition. The system returns to its steady state
values after rising the load demands successfully,
which emphasis the robustness of the operational
control strategy against the sudden changes in
tracking the load demand.

Figures 11 to 13 describe the status of the HESS
devices conditions and the DC bus voltage stability
and notches that are reached to 95v and 144v due to

the rising of load and reducing it, respectively.
(@)

-40
B0

g of— —
g-zoovr 1
5»400
(b)
125 T
)
)
g
5 1207 . Een—
> l Il
. (¢
& w5 : ‘
Q44505 -
[} |
o M5 | | :
0 1 2 3 4 5 6 7 8 90
Time (s)
Fig.11: Battery (a) current, (b) voltage and(c) SoC
versus time
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Fig.13: The DC bus voltage with EDLC and BSS
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The notches of DC bus voltage with HESS are
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less than the resulted notches when using the
BSS only. When raising the demand load, it is
observed that the discharge rate of the battery
is lower in this case, because the EDLC shares it in
the load current, which means fewer charge cycles,
longer battery life, lower maintenance. In addition,
the problem that appeared on the BSS at the time of
4s at the first case is solved by using HESS.

4.3 The SAWS-HES Simulation with EDLC
Only

The third case of the SAWS-HESS model
simulation with EDLC only is to be run for 10
seconds of operation with stable conditions. The
wind speed is 12 m/s as the input of the WT. The
system is directed to feed demand load for the case
that suggested herein, the demand load is fixed at 5
kW for 4 seconds then raised instantaneously to 10
kW for 3 seconds. Finally, demand load will remain
constant at 5kW for the last 3 seconds of operation.
Wherever the EDLC SoC was 54.3% of its capacity
and the rated output power of WTPMSG is 6 kW.

The resulted output power curves of the load
demand, shown in Fig. 8, difference between the
WT output power and the end demand of load can
be called an extra power. This extra power firstly is
directed to the ELDC to store this extra to be
utilized at shortages times as shown in the same
Figure, when the demand load rose to 10 kW at time
of 4sec the EDLC discharged to feed the shortage,
then at the time of 7sec the load demand changes to
5 kW. The EDLC current, voltage and SoC versus
time are shown in Fig. 14 and finally, the Fig. 15
which describes the state of the DC bus voltage with
a small negligible drop from 120v to 119.6 v about
the time of 3 s due to the load increase. That is
noted that the DC bus voltage is very smooth and
there are no notches when the load raised and
reduced respectively.

Current(A)
R
= = 8
: )

- b A
-

SoC(%)
b
)

Time(s)

Fig.14: EDLC (a)current, (b)voltage and(c) SoC
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Fig.15: The DC bus voltage by utilize EDLC only

Although EDLC is much more expensive than
batteries, it is very important in the event of loads of
high sensitivity. From the previous optimization
results that show that the cost of operating a system
that works based on EDLC only may cost about 14
times the cost of the system that works based on
BSS, and for this, it is necessary to determine the
ratio from each system commensurate with the
requirements of the load. So, assume that there are
important and sensitive loads at a rate of about 20%
of the total loads ,so HESS can be utilized by using
20% of EDLC system that costs about 144,247%
and 80% of BSS which is its cost is 42,620$ and
the total cost of the HESS is 186,867$.

5 CONCLUSIONS

The importance of SAWS-HES accurate
modeling in simulating the real device performance,
the system of second case has the advantage of
hybridization of storage devices that made the
system more reliable and stable, the goodness of
utilizing HESS and its active role in satisfying load
demands at shortages.

According to simulation the system succeeded in
load demand satisfaction and keeping the DC
bus voltage at its desired limits in favor of the logic
controller, conditioning circuits in the three cases
of utilizing EDLC only, BSS only and utilizing
HESS.

From the results of the previous cases, it is
concluded that DC voltage stability in the second
case when utilizing HESS is the best because it is
lower variation of voltage from the first case (118v
to 116v) and lower cost from third case. Utilizing
HESS in the second case is better than the first case
because it has the lower notch in DC voltage when
the load is raised suddenly.

Utilizing HESS is the best if there are sensitive
loads or important loads because of its reasonable
cost. It also improves the battery performance
because EDLC shares the load current with BSS that
mean longer life, fewer charge and discharge cycles
and lower maintenance, and the problem that
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appeared on the BSS at the time of 4s at the first
case is solved by using HESS.

Using of HESS for renewable source is more
stable than using BSS only because the EDLC to
cover ‘“high power” demand, transients and the
fluctuations that resulted from fast load and
consequently is characterized by a fast response
time, the cost of using HESS also is186,867$ so its
cost is lower than using EDLC only.

From the results of utilizing BSS only, HESS and
EDLC only with the simulation of the system,
HESS operated with better performance with
reasonable cost than both BSS only and EDLC only.

Finally, Using EDLC only is the best DC voltage
in performance, stability, efficiency, and smoothing,
but it is the most expensive. So, in the case of using
HESS, DC bus voltage found to exhibit remarkably
improved performance, more smooth, lower voltage
drop and lower notches in DC bus voltage when
rising the demand load suddenly from using BSS
only and its cost is reasonable.

The scope of this paper was associated with
studying, modeling, designing and analyzing a
stand-alone renewable system utilizing the WT
based on the HESS. In future works it is planned to
organize a larger scale renewable system utilizing a
hybrid of the WT and PV system based on the
HESS connected to grid utility to study the
interactions between them and utilize and integrate a
fuel cell with the system. It is planned also to
develop an advanced control strategy to cover all
expected scenarios. Those ensure the suitable
interconnection and get the maximum benefit from
integrating renewable with fuel cell and Energy
storage systems into grid. In addition, it is planned
to work on optimization of the whole system in
order to develop a more efficient adaptive controller
for power applications and automotive systems.

APPENDIX 1
Two mass drive train parameters
Je (8) 4
Jg(s) 0.4
Kgs(P.U./el.rad) 0.3
C:(P.U.slel.rad) 0.7
PMSG Ratings and parameters
Rated speed (rad/s) 153
Rated power (kW) 6
Rated torque (Nm) 40
Magnetic flux linkage (Wb) 0.433
No. of poles 10
Resistance of stator [R¢] () 0.425
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Inductance of stator [£] (mH) ‘ 8.4

References

[1] Boghdady, T. A, M. M. Sayed, and EE Abu
Elzahab. "Maximization of generated power
from wind energy conversion system using a
new  evolutionary  algorithm." Renewable
energy 99 (2016): 631-646.

[2] Zahran, O. H., T. A. Boghdady, and M. M.
Sayed. "Improving the Controller Performance
for a Grid Connected Wind Farm." (2018): 30-
6.

[3] Boghdady, T. A., M. M. Sayed, and Howaida
M. Ragab. "Wind Energy Conversion System
Oscillations Damping Using a Proposed
Mutation Operator for LBBO-DE
Algorithm." 2019 21st International Middle
East Power Systems Conference (MEPCON).
IEEE, 2019.

[4] Chan, Tze-Fun, et al, Permanent-magnet
machines for distributed power generation: A
review, IEEE Power Engineering Society
General Meeting. IEEE, 2007.

[5] Polinder, Henk, et al, Comparison of direct-
drive and geared generator concepts for wind
turbines, IEEE  Transactions on  energy
conversion 21.3, 2006, pp. 725-733.

[6] Nguyen, Cong-Long, et al, Effective power
dispatch capability decision method for a wind-
battery hybrid power system, IET Generation,
Transmission & Distribution 10.3, 2016, pp.
661-668.

[7] Banos, Raul, et al, Optimization methods
applied to renewable and sustainable energy: A
review, Renewable and Sustainable Energy
Reviews 15.4, 2011, pp. 1753-1766.

[8] Abedini, A., et al, Applications of super
capacitors for PMSG wind turbine power
smoothing, Industrial Electronics, IECON
2008. 34th Annual Conference of IEEE. 2008.

[9] Chowdhury, Mujaddid M., et al, Grid
integration impacts and energy storage systems
for wind energy applications—a review, Power
and Energy Society General Meeting, IEEE,
2011.

[10] Haque, Md E., Michael Negnevitsky, and
Kashem M. Muttaqi, A novel control strategy
for a variable speed wind turbine with a
permanent magnet synchronous
generator, IEEE industry applications society
annual meeting. IEEE, 2008.

[11] Benelghali, Seifeddine, , et al, Comparison of
PMSG and DFIG for marine current turbine

Volume 16, 2021



WSEAS TRANSACTIONS on POWER SYSTEMS
DOI: 10.37394/232016.2021.16.4

applications, The XIX International Conference
on Electrical Machines-ICEM 2010. IEEE,
2010.

[12] Yin, Ming, et al, Modeling of the wind turbine
with a permanent magnet synchronous
generator for integration, IEEE Power
Engineering Society General Meeting. IEEE,
2007.

[13] Mohammadi, Ebrahim, Ramtin Rasoulinezhad
et al, Using a Supercapacitor to
Mitigate Battery Microcycles Due to Wind
Shear and Tower Shadow Effects in Wind-
Diesel Microgrids, IEEE Transactions on
Smart Grid (2020).

[14] Joshi, Hitesh, A. K. Swami, et al, Simulation
and Modeling of a Wind Turbine using PMSG
with Maximum Power Tracking
Control, Women Institute of Technology
Conference on Electrical and Computer
Engineering (WITCON ECE). IEEE, 2019.

[15] Bhende, C. N., et al, Permanent magnet
synchronous generator-based standalone wind
energy supply system, IEEE transactions on
sustainable energy 2.4, 2011, pp. 361-373.

[16] Chauhan, Anurag, et al, A review on Integrated

Renewable Energy System based power
generation for stand-alone applications:
Configurations,  storage  options,  sizing

methodologies and control, Renewable and
Sustainable Energy Reviews 38, 2014, pp. 99-
120.

[17] Al-Ammar, Essam A., et al, Residential
community load management based on optimal
design of standalone HRES with model
predictive control, IEEE Access 8, 2020, pp.
12542-12572.

[18] Wang, S., Wei T., et al, (2008). Supercapacitor
energy storage technology and its application in
renewable energy power generation system.
In Proceedings of ISES World Congress( 2007)
(Vol. 1-Vol. V) (pp. 2805-2809). Springer,
Berlin, Heidelberg.

[19] Park, G. L., Schifer, A. 1., et al, B. S.

Renewable energy-powered membrane
technology: Supercapacitors for buffering
resource fluctuations in a wind-powered
membrane system for Dbrackish  water

E-ISSN: 2224-350X

50

T. A. Boghdady, S. N. Alajmi,
W. M. K. Darwish, M. A. Mostafa Hassan,
A. Monem Seif

desalination. Renewable energy(2013), 50, 126-
135.

[20] Spyker, Russell L., et al, Classical equivalent
circuit parameters for a double-layer capacitor,
IEEE transactions on aerospace and electronic
systems 36.3, 2000, pp. 829-836.

[21] Zhao, Yanming, et al, A parameters
identification method of the equivalent circuit
model of the supercapacitor cell module based
on segmentation optimization, IEEE Access
(2020).

[22] Bajpai, Prabodh, et al, Hybrid renewable
energy systems for power generation in stand-
alone applications: A review, Renewable and
Sustainable Energy Reviews 16.5, 2012, pp.
2926-2939.

[23] HOMER  Software  Optimization  Tool.
Accessed: Jan. 22, 2020. [Online]. Available:
https://www.homerenergy.com

[24] Singh, Anand, et al, Computational simulation
& optimization of a solar, fuel cell and biomass
hybrid energy system using HOMER pro
software, Procedia Engineering 127, 2015, pp.
743-750.

[25] Jin, Sungjun, et al, A Study on Designing Off-
grid System Using HOMER Pro-A Case Study,
IEEE International Conference on Industrial
Engineering and Engineering Management
(IEEM). IEEE, 2018.

[26] Luo, Xing, et al, Overview of current
development in electrical energy storage
technologies and the application potential in
power system operation, Applied energy 137,
2015, pp. 511-536.

[27] Chen, Haisheng, et al, Progress in electrical

energy  storage  system: A critical
review, Progress in natural science 19.3, 2009,
pp. 291-312.

[28] Diaz-Gonzalez, Francisco, et al, A review of
energy storage technologies for wind power
applications, Renewable and sustainable
energy reviews 16.4, 2012, pp. 2154-2171.

[29] jing Hu, Lin, et al, Research on Optimization of
Wind/PV/Storage  Capacity  Configuration
Based on Homer Software, Chinese Control

Volume 16, 2021


https://www.homerenergy.com/

WSEAS TRANSACTIONS on POWER SYSTEMS
DOI: 10.37394/232016.2021.16.4

and Decision Conference (CCDC). IEEE,
2019.

[30] Habib Ur Rahman, et al, Design optimization
and model predictive control of a standalone
hybrid renewable energy system: A case study
on a small residential load in Pakistan, IEEE
Access 7, 2019, pp. 117369-117390.

[31] Khalil, Linta, et al, Optimization and designing
of hybrid power system using HOMER
pro, Materials Today: Proceedings (2020).

E-ISSN: 2224-350X

51

T. A. Boghdady, S. N. Alajmi,
W. M. K. Darwish, M. A. Mostafa Hassan,
A. Monem Seif

Creative Commons Attribution License 4.0
(Attribution 4.0 International, CC BY 4.0)

This article is published under the terms of the Creative
Commons Attribution License 4.0
https://creativecommons.org/licenses/by/4.0/deed.en US

Volume 16, 2021





