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Abstract—Wind power generation is playing a pivotal role in 
adopting renewable energy sources in many countries. Over the 
past decades, we have seen steady growth in wind power 
generation throughout the world. This article aims to summarize 
the operation, conversion and integration of the wind power with 
conventional grid and local microgrids so that it can be a one-
stop reference for early career researchers. The study is carried 
out primarily based on the horizontal axis wind turbine and the 
vertical axis wind turbine. Afterward, the types and methods of 
storing this electric power generated are discussed elaborately. 
On top of that, this paper summarizes the ways of connecting the 
wind farms with conventional grid and microgrid to portray a 
clear picture of existing technologies. Section-wise, the prospects 
and limitations are discussed and opportunities for future 
technologies are highlighted.  It is envisaged that, this paper will 
help researchers and engineering professionals to grasp the 
fundamental concepts related to wind power generation concisely 
and effectively. 

Keywords—Wind power system; wind turbines; energy storage 
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I. INTRODUCTION 
Wind energy has been widely used as a renewable resource 

to generate electricity in some countries such as the United 
States. This is because wind energy is relatively low cost and 
environmentally- friendly compared to other non- renewable 
energy resources such as coal, natural gas &etc. Due to its 
advantages, many types of research had been carried out for 
further development of this energy source especially for the 
integration of wind energy with the smart grid. Hence, the aim 
of this research is an attempt to focus on the study of prospects 
and limitations of wind power integration with its power 
storage system and grid system. In this research, there is no 
simulation tool or experimental tool is used. This research is 
focusing on the peer review of the latest research papers that 
related to our topic. In Section 2 and 3, the use of vertical and 
horizontal axis wind turbines for a wind power system is 
reviewed. The energy storage system will be discussed in 

Section 4. The integration of wind power with the 
microgrid and nation grid will be discussed in Sections 5 and 6, 
respectively. 

II. VERTICAL AXIS WIND TURBINE (VAWT) 
The increment of renewable energy is very promising due 

to the rapid depletion of fossil fuels [1].  For the past decades, 
horizontal axis wind turbine (HAWT) has been widely used in 
commercials to generate electricity with higher capacity. 
However, a wind turbine with a vertical axis has been 
introduced to the world in the 1900s [2]. Vertical axis wind 
turbine (VAWT) has been first developed and studied in North 
America [3]. For instance, Cheng, et al. [3] said that the world's 
largest vertical axis wind turbine had been built in Canada in 
the year 1986. VAWT was proposed to encounter the problem 
of power losses of HAWT. It is the major drawback of HAWT. 
The use of gear mechanism on HAWT contribute a lot of 
power losses and high maintenance cost is needed for HAWT. 
All these factors lead to an increase in the total cost of HAWT. 
However, VAWT can overcome these problems by replacing 
the gear box to direct drive generator system which reduces 
power losses and maintenance costs [4]. Fig. 1 shows the 
VAWT commonly used in an urban area [8]. 

A. Types of VAWT 
The design of VAWT is different from HAWT [1, 3]. 

VAWT is surrounded by its shaft along the vertical axis. The 
size of the VAWT is smaller than HAWT. The rotation of the 
turbine designed to be perpendicular to the wind direction to 
generate electricity. The generator and battery are connected at 
the bottom of the VAWT. Different type of rotor blade design 
determined the types of VAWT [5, 6]. Drag-type and lift-type 
are the most common types of VAWT around the world. 

B. Drag Type 
Drag type VAWT generates electricity by converting the 

torque created by the rotation of the wind turbine. A plurality 
of flat or concave cup-shaped blade is the most common design 
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for drag type VAWT. From Fig. 2, normally the drag type 
devices consist of two or three scoops of the s-shape 
aerodynamic plate [7]. The blade would experience more drag 
when it is moving with the wind by less drag when it is against 
the wind direction. The spin occurs when there is differential 
drag created by the scoops on the VAWT. According to Wong, 
et al. [5], the most commonly used rotor for drag type is a 
Savonius rotor and Sistan rotor. It uses the blades as the 
obstacle to the wind which utilizes the force to rotate the wind 
turbine. Nevertheless, it has the better self- start ability 
compare to lift type VAWT but lower power coefficient on the 
system [5]. 

C. Lift Type 
Lift type VAWT has better efficiency compared to drag 

type. The blade of lift type VAWT is designed to aerofoil- 
shaped blades. The blades rotate by the aerodynamic lift forces 
that created when the air passes through the wind turbines. 
There is always positive static torque that can be observed in 
helical blades regardless of the incident angles shown in Fig. 3. 
Toja-Silva, et al. [8] had proved that the helical Savonius wind 
turbine has a higher power coefficient compare to traditional 
Sanonius rotor wind turbine. However, it lacks a ‘self-initiate’ 
force compare to drag type VAWT [5, 7]. Therefore, a hybrid 
combination of both drag and lift type of wind turbine are 
proposed to encounter the weaknesses [5, 8, 9]. 

 
Fig 1. Hybrid VAWT. 

 
Fig 2. Working Mechanism of Drag-Type VAWT. 

 
Fig 3. Working Mechanism of Lift-Type VAWT. 

D. Working Mechanism 
According to Shahariar et al., [10], the blade on the VAWT 

is designed to be symmetrical and the angle of the blade is set 
corresponding to the turbine. By doing this, VAWT can 
capture the wind in all directions. Fig. 4 shows the various 
components of the VAWT [10]. First of all, the rotor in VAWT 
is used to convert the wind energy into mechanical. The rotor 
will be installed in the hub. The hub is connected to all the 
rotor blades due to the magnetic levitation. The hub is 
suspended on the magnets to increase the efficiency of the 
output. The most common material for the hub is cast iron and 
cast steel [10]. Besides, the shaft below the hub gets turned by 
the rotation of rotor blades. Then the generator below the shaft 
converts the mechanical energy into electrical energy. 

1) Magnetic levitation: To maximize the rotor efficiency, 
magnetic levitation was proposed in the design of VAWT [1]. 
The aims of proposing magnetic levitation are to nullify the 
weight of the rotor in the system. Levitation magnetic system 
is done by installing two sets of magnetized ring magnets in 
such a way that repelling with each other. For instance, there 
is a magnet that will be installed at the shaft and another 
magnet under the supporting hub. With this, the repulsion of 
the magnet can partially nullify the hub and other rotating 
parts. Therefore, it can reduce the friction between the rotor 
and mechanical parts in the hub. 

 
Fig 4. Various Component of the Typical VAWT. 
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2) The airfoil of the Turbine: According to Jin, et al. [7], 
lift-type VAWT will gradually become the representative of 
the VAWT because it has a higher efficiency compared to 
drag-type VAWT. The design of aero-foil is essential to 
improve the Darrieus type turbine [1]. Nevertheless, the shape 
and thickness of the aerofoil are determined by the specific 
data. The National Advisory Committee for Aeronautics 
(NACA) and Sandia National Laboratory had co-operated to 
come out with most of the review and data for the different 
types of aerodynamic characteristics for aerofoil. For instance, 
the lift and drag coefficient of different type of aerofoil with 
Raynolds number and ranging angle between 0 to 180° are 
provided by NACA. 

E. The Solidity of the Turbine 
The number of blades is depending on the smoothness of 

the rotor operation [11]. However, the number of blades co-
related with the solidity. The solidity of the turbine is defined 
by the ratio of the total swap area and the radius of the turbine. 
The number of blades and length of the chord is influencing the 
total area. Nevertheless, all these parameters are affecting the 
efficiency of the self-starting of the wind turbine. Solidity ( ) 
can be computed by using (1) [11]. 

𝜎 = 𝑁𝑐
𝑅

  (1) 

Where N is the number of blades, C is the length of the 
chord (m) and R is the radius of the rotor (m). Nonetheless, the 
number of blades is also affecting the power coefficient of the 
wind turbine. 

F. Power Coefficient 
Furthermore, the Betz limit is an essential and powerful 

performance indicator for VAWT [10]. The upstream and 
downstream stream wind for VAWT is different. Therefore, it 
is important to study the available wind kinetic energy can be 
extracted from a wind generator. Furthermore, the theoretical 
maximum rotor power coefficient,   that achieved by the past 
research is 0.59. However, Shahariar and Hasan [10] had 
proved that the two blades VAWT has the 0.46 of practical 
limit for under high wind and the three-blade VAWT has 0.50 
of   Nevertheless, the drag-type VAWT only can operate at 1/3 
of the Betz limit [12]. There are (2) and (3) used to determine 
the power co-efficient or efficiency of the rotor [1]. 

𝐶𝑃 = 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑏𝑦 𝑏𝑙𝑎𝑑𝑒
𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑖𝑛𝑑

 (2) 

𝐶𝑃 = 𝑇𝜔
0.5𝜌𝐴𝑉2

  (3) 

G. Efficiency of VAWT 
According to Shahariar et al., [10] and Zhuga et al., [13], 

the wind turbine efficiency can be computed by using (4). 

𝑃𝑡 = 0.5𝜌𝐴𝑉3  (4) 

The power produced by the generator and the amount of 
wind energy that can be captured can be determined by the (5). 

𝑃𝑎 = 𝑇𝜔  (5) 

Whereas the torque, T can be determined by (6). 

𝑇 = 0.5𝜌𝐴𝐶𝑡𝑉3  (6) 

The angular velocity or RPM of the VAWT  can be 
computed by (7). 

𝜔 = 𝜆𝑉
𝑅

  (7) 

According to Ragheb [14], aerodynamic turbine (lift-type) 
has a higher efficiency compared to impulse devices (drag-
type). For instance, lift-type has an efficiency of approximately 
60percent whereas the drag-type only 19-40 percent. This is 
because there is the possibility of the zero wind speed behind 
the turbine which clogging any flow through the rotor. 

Power efficiency and rotor efficiency of VAWT are 
determined by the blades design and the rotor design [1, 15, 
16]. The aerofoil shape design is essential for the blade to 
promote or ensure the efficiency of the wind turbine [15, 17]. 
Besides, the number of blades also affects the smoothness of 
the rotor operation of the wind turbine. Cheng, et al. [3] had 
performed the changes in wind turbine efficiency by using a 
different number of blades. The number of blades is the main 
factor that affects the aerodynamic load on the wind turbine 
which includes thrust and side force. According to the 
researcher Cheng, et al. [3], increasing the blades can reduce 
the fatigue and bending moment of the wind turbine. 
Nevertheless, three to four blades are reaching the limitation of 
additional effect [18]. 

Furthermore, flexible blades are proposed to increase the 
efficiency of VAWT [7, 8]. The main intention of proposing 
the flexible blade is to reduce the vibrations transmitted to the 
VAWT. Nevertheless, the deflector sheet on the VAWT can 
increase the efficiency of the system as well [8]. Cheng, et al. 
[18] had proved that the deflector sheet on VAWT shows the 
higher power coefficient compares to the rotor with two blades. 

H. Advantages of VAWT 
VAWT is workable under omnidirectional flow [14]. It can 

catch the wind in all directions. Therefore, VAWT does not 
require a yaw mechanism for operation [5, 15, 19]. It can 
sustain under much harsher environment namely higher wind 
turbulent condition compare to HAWT due to its 
omnidirectional characteristic. According to Ragheb [14], 
HAWT does not need to be shut down and it can sustain up to 
50 m/s. 

Besides, Wong, et al. [5] claims that the blade of VAWT 
can be easily manufactured compare to HAWT. The uniform 
section and untwisted characteristic of blades make them easy 
to fabricate. For instance, the blade of the VAWT does not 
require twisting or tapering to optimize the performance. 

Furthermore, VAWT does not require to be built as high as 
HAWT. The size of the VAWT is much smaller than HAWT. 
According to Ragheb [14], a small VAWT only require 10m 
height to capture the wind. Therefore, they are less visible and 
can be widely used in the urban area. 

Apart from that, there is lower rotational speed can be 
observed on the VAWT [8]. Therefore, the noise contributed 
by VAWT is lower than HAWT. The lower rotational speed 
also results in lower vibrations transmitted to the structure. 
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Besides, VAWT does not require a yaw-control mechanism. 
With this, the lower maintenance is required for VAWT thus 
lower cost is needed for VAWT. 

III. HORIZONTALAXIS WIND TURBINE (HAWT) 
Horizontal axis wind turbine (HAWT) was one of the most 

common types of wind turbines used for generating wind 
power [20]. It was being used in both large and small scale. 
Large-scale utilization of HAWT was usually adopted in wind 
farms or offshore areas; while small-scale usage of HAWT 
usually occurred within the residential area, normally 
integrated with solar panel system [21, 22]. The rotor blades of 
this particular type of wind turbines are rotating about the 
horizontal axis in a vertical plane[23]. The main components of 
horizontal axis wind turbines were the rotor blades, gear-box, 
electrical generators and the tower-like supporting structure. 
One of the distinct advantages of HAWT was that it was 
equipped with a tower, which was able to expose the wind 
turbine to higher wind speed at an elevated height [23, 24]. 
Fig. 5 and 6 show the typical 3 blade HAWT and components 
of horizontal axis wind turbine respectively [21, 35]. 

 
Fig 5. Typical 3 Blade Horizontal Axis Wind Turbine. 

 
Fig 6. Components of Horizontal Axis Wind Turbine. 

A. Working Mechanism of HAWT 
HAWT had to face the wind direction for it to work with 

the maximum efficiency. It uses the aerodynamics force of lift 
to convert the wind energy into electrical power [25]. Most of 
the rotor blades of HAWT was designed to be airfoil shape. 
Fig. 7 shows the typical airfoil-shaped blades for HAWT [26]. 

When the wind blows through the airfoil-shaped rotor 
blades with the configuration in Fig. 7, the wind velocity that 
passes through the upper part of the blades would be faster 
compared to the wind velocity at the bottom of the blade [26]. 
As higher velocity would result in lower pressure, a pressure 
difference would occur between the upper and lower zone of 
the blades. This pressure difference would create a lift force to 
initiate the movement of the blades in rotational motion and 
cause the driveshaft to spin. Although the outer blades were 
rotating at a high speed, the driving shaft was not spinning as 
fast as the rotor blades. For most of the HAWT, a gearbox was 
installed within it to convert the low rotational speed of the 
drive shaft into a higher rotational speed [27]. This was to 
ensure that the rotation speed was fast enough for the electrical 
generator to generate power. 

 
Fig 7. Airfoil-Shaped Rotor Blades for HAWT. 

B. Power Generation is HAWT 
The power that generated in HAWT can be computed 

through the equation: 

𝑃 = 1
2
𝐶𝑝𝜌𝐴𝑣3         (8) 

Where, Cp = Power Coefficient 

𝜌R = density of air 

A= area by the wind blades 

v = wind speed 

C. Factors Influencing Power Generation in HAWT 
A few factors affect the power generation in HAWT. These 

factors include the wind speed, power coefficient and the area 
swept by the rotor blades of HAWT. 

1) Wind Speed: The power generation in the HAWT is 
strongly influenced by wind speed. The wind speed was 
classified into three different types, namely cut-in wind speed, 
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rated output wind speed and cut-out wind speed. The cut-in 
wind speed referred to the minimal wind speed required for 
the power generation to initiate [28, 29].  As mentioned in the 
equation, the power produced was governed by the wind 
speed, thus a lower wind speed results in a lower power being 
produced. As the rotor blades continued to rotate, a continuous 
increment in the wind speed would occur until it reaches rated 
output wind speed. At the rated output wind speed, the 
maximum output power could be produced by the electrical 
generator [30]. In cases where the wind speed went beyond 
the rated output wind speed, there was no increment in the 
power output because it was beyond the limit of the electrical 
generator. As the wind speed kept on increasing, a cut-out 
wind speed would be reached and the rotating of the rotor 
blade would be forced to stop to prevent overloading of the 
wind turbine [31]. Thus, normally in HAWT, the power-
regulating system is required as it is often exposed to high 
wind speed [21, 23, 29]. One of the common power regulating 
system adopted in HAWT was the pitch angle control system 
[31]. Whenever the wind speed exceeded the rated wind speed 
value, the pitch controller would increase the pitch angle to 
reduce the rotation of the wind turbine [31]. 

2) Power Coefficient, Cp: The output power is always 
lower than the actual power within the wind due to the energy 
lost during the conversion of wind energy into mechanical 
power. This conversion efficiency was known as Power 
Coefficient, Cp [32, 33]. 
𝐶𝑝 = 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟

𝑤𝑖𝑛𝑑 𝑝𝑜𝑤𝑒𝑟
         (9) 

The theoretical maximum value of the power coefficient 
was found to be 0.593, known as the Betz limit [34, 35]. 
However, the practical power coefficient was not able to reach 
0.593 due to different configurations of a wind turbine which 
leads to inefficiencies and losses of energy[36]. According to 
Sedaghat and Mirhosseini [35], modern HAWT worked with a 
power coefficient of 0.5, which is very close to the Betz limit. 
The power coefficient was closely related to the tip speed ratio. 
Tip speed ratio, λ was the ratio between the speed at the tip of 
the blade and the wind speed. 

λ = Speed at the rotor tip
𝑊𝑖𝑛𝑑 𝑆𝑝𝑒𝑒𝑑

         (10) 

An optimum tip speed ratio was required for maximizing 
the efficiency of the conversion [36]. Aside from that, HAWT 
utilized the lift force instead of drag force for rotating the 
blades hence the conversion of energy was more efficient [25]. 
This would result in a higher power coefficient. 

3) Swept Area: The swept area of the wind blades had a 
significant impact on the power generated. The swept area 
referred to the areas being swept by the blades when rotating 
Fig. 8 shows a detailed view of the swept area by HAWT [25]. 

The equation used to calculate the swept area of HAWT 
was the same as calculating the area of a circle. 

𝑆𝑤𝑒𝑝𝑡 𝐴𝑟𝑒𝑎, 𝑆 =  𝜋(𝑑
2

 )2         (11)
 

where the d value referred to the rotor diameter [37]. An 
increment in the rotor blades length would increase the swept 
area of the wind turbine. HAWT normally had a large swept 
area, therefore the installation of the HAWT had to take 
account of the area swept when operating. 

D. Yaw Mechanism for HAWT 
As wind direction often changes, HAWT was required to 

install the yaw system [20]. The yaw system was able to 
control the rotor blades and ensure that it faced the wind 
direction whenever the wind direction changes [38]. However, 
one of the limitations of this yaw control system was that when 
the wind turbine was subjected to a sudden change in wind 
direction, it would result in the wind turbine to run with yaw 
errors. Yaw error was a term used to describe the situation 
where the wind direction was not perpendicular to the rotor 
blades; normally occurred when the turbine was changing its 
direction [20]. When the yaw error occurred, the power 
generated would drop significantly. 

E. Other Considerations 
1) Noise: HAWT usually causes a lot of noise when the 

rotor blades were spinning. This was because the blades of 
HAWT was usually exposed to higher wind speed as it was 
installed at the top of the tower [25]. Apart from that, HAWT 
usually operates at a higher tip speed ratio, result in creating a 
lot of noise from the wind turbine [20, 36]. 

2) Cost: The cost analysis of HAWT had to take into 
consideration a few different aspects. As HAWT had been 
widely used in the past decades, cheaper solutions in 
manufacturing HAWT had been developed in these years[20]. 
Despite having cheaper manufacturing costs, the installation 
and maintenance cost of the HAWT was expensive. This was 
because most of the parts of HAWT was located at the higher 
part of the tower which complicates the installation and the 
maintenance process [20]. 

 
Fig 8. Area Swept by Horizontal Axis Wind Turbine. 
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IV. WIND ENERGY STORAGE SYSTEM 

A. Energy Conversion in Wind Energy System 
The generation part of a wind energy system is done by a 

wind turbine which comes in different sizes and a different 
number of blades. The kinetic energy in the flowing wind has 
been converted into mechanical energy by the turbine to spin 
the generator for the generation of electricity. The generated 
electrical power will either be in the form of Alternating 
Current (AC) or Direct Current (DC) depends on the design of 
the wind turbine. Electrical cables will be used to transmit the 
generated electricity to other electrical components in the 
system for different applications. If the output of the wind 
generator is DC, a charge controller or voltage regulator will be 
used to convert the DC to a suitable range of voltage level 
according to the DC appliances, to charge the batteries, or to be 
injected into the local DC microgrids. Besides, DC can also be 
transformed into AC with a voltage level of 240 V (single-
phase) or 415V (three-phase) and frequency of 50Hz by an 
inverter. The AC will be used to supply the local AC 
appliances or its voltage will be stepped up further by the 
power transformer for transmission purposes to reduce the 
power loss [39]. The AC can be injected into either the local 
microgrids or the national grids to supply the power demand in 
other areas. If the generated power by the generator is already 
in AC, the inverter will not be required for the system but a 
rectifier will be needed to convert the AC into DC so that it can 
be stored in the battery bank of the system. A sample diagram 
of the flow of a wind energy system has been shown in Fig. 9 
[40]. 

B. Rectifier 
If a wind turbine’s generator uses an alternator, the output 

of it will be in three-phase AC. A three-phase rectifier is 
needed to convert the AC output from the generator into DC 
before connecting to the voltage regulating device to charge the 
battery bank [41]. A rectifier is a Power Electronics Device 
(PED) which comprises several diodes/thyristors. However, the 
output of a rectifier is always not plain DC but pulsating DC 
which will be regulated before it has been used to charge the 
battery bank. The battery bank will provide a smooth and 
continuous DC output for the circuit in the DC appliances to 
work properly. Fig. 10 shows the schematic diagram of a grid-
tied wind-mill system with the application of a rectifier [42]. 

 
Fig 9. Grid-Tied Wind Energy System with Battery Storage. 

 
Fig 10. The Application of Rectifier in Wind Energy System. 

C. Regulator and Charge Controller 
A charge controller or a regulator is the device that limits 

and controls the amount of current that will be used to charge 
the battery bank. Unlike solar charge controller which will 
disconnect the connection between the source (solar panels) 
and charge controller itself when the battery is fully charged, a 
wind turbine charge controller needs to monitor the battery 
voltage constantly and able to turn on a dump load (also known 
as a shunt) if that voltage approaches the float charging voltage 
of the battery instead of shorting the output of the wind 
generator as shown in Fig. 9. A dump load, in this case, could a 
supplementary water heater or underfloor heating device 
instead of a braking resistor to optimize the generated energy. 
While a wind generator is rotating at high speed, sudden 
disconnection of the load will create a huge current spike that 
might destroy the charge controller and leads to over-speeding 
of the turbine in which will damage itself. There are two major 
types of charge controller technologies that can be found on the 
market where they are Pulse Width Modulation (PWM) and 
Maximum Point Power Tracking (MPPT). Fig. 11 is showing 
an example of the implementation of an MPPT charge 
controller in a wind energy system [43]. 

D. Grid Tie Inverter and Transformer 
An inverter is a device that injects electrical power 

generated by any distributed power generation source in a 
stand-alone system, micro-grid or the nation grid [44]. When 
the output from the wind generator is in DC, a power inverter 
will be needed to convert it to AC before it has been supplied 
to any AC appliances or injected into the grid. A Step-up 
transformer will be needed to boost the voltage level which can 
reduce power loss during the transmission of electricity 
through the grid. The transformer is normally located at the 
base of the wind turbine. However, grounding transformer will 
be located at the critical points through the wind farm which 
provides a neutral point where all the electricity is then 
interconnected with a major collector step-up transformer that 
is connected to the grid. 

E. Energy Storage System 
As mentioned above, an energy storage system will be used 

to store the excess energy that is generated by the system to be 
used when the energy demand exceeds the output power of the 
wind energy system. The electrical energy generated from a 
wind turbine can be stored in different forms of energy. 
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Fig 11. Integration of MPPT Charge Controller with Wind Energy System. 

1) Lead Acid Battery: There are two major lead-acid 
batteries that can be found in the current market where they 
are Flooded Lead Acid (FLA) and Valve Regulated Lead Acid 
(VRLA). FLA batteries are built from two lead plates which 
are immersed in the electrolyte which is sulphuric acid in this 
case. Meanwhile, VRLA batteries operate in the same way 
while having an extra sealed pressure-regulating valve that 
works to prevent the hydrogen from venting and release the air 
in the battery cell [45]. VRLA batteries are having a higher 
price and lower life-cycle compared to FLA batteries but it 
comes in smaller size and weight while being maintenance-
free. Lead-acid battery often being considered as a support of 
the wind power system compared to other types of the battery 
due to its small power density, lower depth of discharge and 
the shorter number of its life cycle. 

2) Nickel Cadmium Battery: Nickel Cadmium battery is 
using nickel hydroxide and metallic cadmium as its electrode 
while both electrodes are separated by nylon divider and 
having aqueous potassium hydroxide as the electrolyte for the 
battery. Nickel Cadmium Battery can operate at a wider 
temperature range compared to a lead-acid battery. It also 
offers excellent cycle life and exceptional tolerance of high 
discharge rates. However, the toxicity of Cadmium and direct 
competition from other batteries like Lithium-ion leads to its 
decreased popularity since the 1990s [46]. It has also been 
banned by some European countries due to environmental 
issues. 

3) Lithium-Ion Battery: Lithium-Ion battery is using 
litigated metal oxide as its cathode and graphite carbon with 
layer structure as its anode [47]. It is widely used in consumer 
electronics, automotive and energy storage systems especially 
for large scale applications like wind farm storage. Lithium-
Ion battery comes in small weight, high cell voltage, high 
overall cell efficiency and power density. Lithium-Ion 
batteries are also having long life deep cycles which means 
significantly more to deep discharging. It is also one of the 
cleanest battery technology that can be found on the market 
that is having up 0.1 small self-discharge per month [45]. 
However, a lithium-ion battery with all these features and 
high-quality performance as shown in Fig. 12 also comes with 
an extremely high initial cost compared to other types of 
battery like lead-acid and Nickel Cadmium [47]. 

 
Fig 12. Comparison of Batteries. 

4) Sodium Sulphur Battery: Sodium Sulphur battery is a 
kind of high-temperature battery that is usually constructed in 
a tall cylindrical configuration. The anode and cathode of the 
battery are made by molten Sulphur and molten sodium 
respectively while the electrolyte, in this case, is normally β-
alumina. A diesel Genset is often installed along with a system 
that is using Sodium Sulphur batteries because the batteries 
will suffer some serious damage if it is cooled down without 
being fully charged. The Sodium Sulphur battery can become 
a serious player in large- scale energy storage application dues 
to its high energy density and deep cycles in comparison to the 
Lead-Acid battery. The initial cost for Sodium Sulphur battery 
is relatively high for now because it is a new battery 
technology where there is only one manufacturer is producing 
it, NGK Insulators (Japan) [45]. However, the price is 
considered to drop with a mass production since the materials 
of the battery are inexpensive, abundant and recyclable. A 
schematic diagram of a central sodium electrode tubular 
Sodium Sulphur cell has been shown in Fig. 13 and Fig. 14 
shows the discharge reaction scheme of Sodium Nickel 
Chloride Battery [48]. 

 
Fig 13. The Discharge Reaction Scheme of Sodium Nickel Chloride Battery. 
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Fig 14. The Discharge Reaction Scheme of Sodium Nickel Chloride Battery. 

5) Flow Battery: Flow Battery provides a well-balanced 
solution for a large-scale energy storage system for renewable 
energy due to its flexible modular design and the ability to 
store a large amount of energy up to Megawatts (MW) [49-
51]. There are three major types of the flow battery can be 
found on the market where they are Vanadium Redox, 
Polysulphide Bromide and Zinc Bromine. The operation 
principle of a flow battery is different from other conventional 
batteries for example Lead Acid and Lithium-Ion. Its 
rechargeability is the result of two chemical components that 
dissolved in the electrolytes of the system which is normally 
separated by a membrane [45]. The reversible reaction 
between the two electrolytes allows the potential chemical 
energy to be stored in the electrolyte solution. The power and 
energy capacity is determined by the size of the cell while the 
energy capacity is defined by the volume of the electrolyte. A 
schematic diagram of a flow battery has been shown in Fig. 15 
[52]. 

6) Supercapacitor: A supercapacitor is designed based on 
the same physical principles as other conventional capacitors 
but having a higher area and thinner electrodes. 
Supercapacitor uses polarized liquid layers between the 
conducting electrolyte and electrode to increase the overall 
capacitance [45]. The electrodes of supercapacitors are made 
of highly effective surface materials, for example, porous 
carbon and carbon aerogel [53]. The two electrodes of the 
supercapacitor allow a potential to be applied across its cell 
which presents two double layers in it. There will be an ion-
permeable separator being installed between the electrodes to 
allow the flows of an ion from the electrolyte but blocks all 
electrical contact. This type of storage can suppress fast wind 
power fluctuations within a short time frame. However, it is 
having a lower energy density in comparison with other 
conventional batteries but comes with a higher initial cost. 
Thus, it can be integrated with the battery system as a support 
for the wind turbines instead of stand-alone as shown in 
Fig. 16 [54]. 

 
Fig 15. Schematic Diagram of the Flow of Discharge for a Flow Battery. 

 
Fig 16. Sample Implementation of Supercapacitor with Battery Storage for 

Renewable Energy System. 

V. CONCEPT OF MICROGRID 
Microgrid (MG) is an adjacent section of the main grid 

which can be formed in either single or multiple distributed 
generation (DG) units to provide sufficient power for the heavy 
load consumption within the grid [55]. Aziz et al., [56]stated 
that micro-grid is the integration of several distributed energy 
resources (DERs) that interconnected to each other to produce 
the maximum amount of electric power to a group of 
consumers when it operated as an island and switching the 
power with existing grid under grid-connected mode. Fig. 17 
shows the overall structure of the micro-grid [56]. A micro-
grid can be operated in the grid-connected mode or 
autonomous mode when it is connected to or disconnect from 
the main grid. It usually located at any site in the grid system to 
enhance system reliability and efficiency. Hatziargyriou et al., 
[57] agreed that a micro-grid can be operated during grid-
connected mode or autonomous mode when the system is 
disconnected from the main grid due to the faults occur in the 
system. 
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Fig 17. Micro-Grid Structure Formed by a Group of DER Units and Local 

Loads. 

A. Power Control Strategies 
Due to the intermittent characteristic of wind energy, the 

demand response (DR) is implemented into the wind energy 
generation system to enhance the grid system by controlling 
the energy consumption in the grid, maintaining its voltage 
profile and providing reliable energy for micro-grid [55]. This 
article had mentioned that the micro-grid can be used to 
improve power quality by regulating voltage profile, reducing 
harmful emissions and supplying consumers with low-cost 
energy supply [57]. Demand response devices with a storage 
system can be used to regulate the frequency caused by the 
intermittency of the wind [58]. With this demand response, the 
energy consumption is reduced during peak hours and the 
remained energy is shifted for off-peak hours used [55]. 
Besides, the consumers can incorporate with the system’s 
producers through shifting load profiles to get incentives 
concerning the electricity price. This obviously would promote 
economic benefits for both consumers and utilities by reducing 
the capital investment cost and mitigate the rate of grid 
maintenance. 

Consortium for Electric Reliability Technology Solutions 
(CERTS) micro-grid is one of the alternative ways to improve 
system efficiency by integrating more distributed energy 
resources (DERs) into the grid system [59]. In CERTS micro-
grid, there are two components which are the static switch and 
micro source. The static switch is used to autonomously isolate 
the micro-grid from any disturbances whereas the micro source 
is used to power on the disconnected/isolated micro-grid using 
a power- frequency droop controller [59]. This is to ensure that 
new micro sources can be added to the existing system without 
causing any interruption to the system and each of the 
controllers can respond to the system changes. Fig. 18 shows 
the use of a static switch in the micro-grid system [59].  Under 
isolated grid mode, each micro source in the system must be 
able to autonomously respond to the system changes by 
adopting the local droop controllers for voltage and frequency 
regulation [58]. The author in [57] stated that the micro source 
controller controlled the voltage and frequency of the 
microgrid using the local information where it will execute the 
demands from a micro-grid central controller (MGCC) when 
the system is connected to the main grid whereas it will 
perform grid’s optimization and load tracking autonomously 
when the system is being disconnected or isolated from the 
main grid [57]. The local load controller (LC) is installed at the 
controllable load and used for load management by providing 
the capability for load control with the instruction command 

from MGCC. Furthermore, the Micro-grid Central Controller 
(MGCC) is used to maximize the grid value and optimize its 
operations [57, 60]. In this controller, the amount of energy 
supply will be drawn from the distribution system based on the 
electricity’s prices in the market. 

Besides that, this paper has stated two types of control 
strategies which are centralized control and decentralized 
control [58]. The decentralized control is the control of the 
system autonomously based on voltage and frequency 
measurement in a power system. In this case, a controller is 
used to generate maximum output power for the demand-
supply [57]. The frequency restoration can be carried out by 
the application of decentralized proportional-integral frequency 
control. However, the errors in measurement may happen due 
to the application of control integral part to multiple resources. 
And thus, it is recommended to apply an integral part to the 
only single resource when there is no load sharing in the 
system [58]. Centralized control can be performed by sending 
control signals to different distributed energy resources through 
a series of communication channels that can be controlled from 
the control center. It is usually adopted with demand response 
to compensate for wind uncertainty. In this case, a low- pass 
filter is implemented in this control system to drive the slow 
changes of the power signal. The energy gained from the wind 
system will supply to distributed energy resources for the 
compensation due to the wind variability. The synchronous 
frequency control at the generator site is used to balance the 
uncompensated variable load and the wind by the centralized 
control system. During the contingencies condition when the 
generator is down, the frequency control will be carried out by 
the decentralized droop controllers [58]. A centralized micro-
grid control system is typically built up with hierarchical 
control system architecture which consists of three operation 
layers including local micro source controller (MC) and load 
controller (LC), microgrid system central controller (MGCC) 
and distribution management system (DMS) [60]. The 
operation of MC, LC and MGCC had been mentioned 
previously. The distribution management system (DMS), also 
known as the distribution network operator (DNO) is 
responsible for the management of medium channel and low 
voltage area in micro-grid [57]. The DMS can be used to 
maintain the power quality within a stable and allowable limit 
in which it is controllable by the system operator [61]. Fig. 19 
shows the hierarchical control system architecture of 
centralized micro-grid [62]. 

Moreover, in terms of cost-effective, the doubly-fed 
induction generators (DFIGs) can be used to provide sufficient 
energy supply. For the DFIGs based wind power system, the 
stator is directly connected to the grid while the rotor winding 
is connected through the slip rings to a back- to- back converter 
[56]. However, there are significant issues such as static and 
dynamic issues that need to be considered in this case. The 
static issues will be the profitability of distribution system 
operators (DSOs) based on the installation of DER. Hence, the 
location and sizing of DERs would be the main concern for the 
placement of DFIGs wind turbine in the micro-grid as it would 
have a direct impact on the DSOs’ profit. On the other hand, 
for the dynamic issues, the IEEE standard 1547 was 
implemented to ensure the safety of the distribution systems. In 
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this rule, it protects the systems by tripping and disconnecting 
the DERs from the grid for a certain period whenever the 
voltage or frequency is running out of the range [56]. Fig. 20 
shows the voltage disconnection requirement by IEEE 
Standard 1547 [56]. 

 
Fig 18. Use of Static Switch in Micro-Grid. 

 
Fig 19. Hierarchical Control System Architectures. 

 
Fig 20. Voltage Disconnection Requirements by IEEE Standard 1547. 

 
Fig 21. Front-End Converter MPPT Controller in the Wind Power System. 

In [63], the authors proposed a control strategy based on the 
fuzzy logic controller to control the maximum power point 
tracking (MPPT) in the wind power system that connected to 
the low voltage grid. In this control system, there are two 
inputs and one output where the inputs are delta voltage and 
wind speed and the output is the duty cycle. The duty cycle is 
the amount of the pulse modulation that used to trip the boost 
converter to achieve the optimum voltage rating. As for the 
simulation results, it shows that the wind turbine system with 
MPPT controller can supply the power at its maximum ratings 
at a constant voltage and frequency [63]. Hui, J. and P. K. Jain 
also agreed that the generator load can be varied by monitoring 
the duty cycle of the front- end boost converter to achieve the 
MPPT and Fig. 21 shows the wind power system using the 
front- end converter MPPT controller [64]. 

B. Energy Management Strategies 
As the cost and efficiency of the grid operation are the main 

concerns,  the energy management system plays an important 
role in the control system of the micro-grid [65]. Katiraei et al., 
[62], stated that a fast response to energy management strategy 
(EMS) is essential for a micro-grid that is operated under 
autonomous mode with more than two distributed energy 
resource units. It is because of the multiple DER units with 
different power capacities and lack of infinite bus in the 
system. Thus, the purpose of EMS is to distribute the real and 
reactive power equally among the DER units and restore the 
frequency by determining the power setpoints. 

The use of energy management and power control (EMPC) 
systems in a wind-generated micro-grid especially at the low 
wind speed area has been investigated [66]. The energy 
management and power control (EMPC) system are used to 
stabilize the start-up- shutdown processes in each turbine in 
order to provide the maximum output to the grid that located in 
low wind speed area and also to protect the mechanical parts of 
the equipment from breakdown due to the frequent start-up and 
shutdown. The system is becoming less cost-effective as there 
are several parameters involved. To achieve cost-effective, a 
more adaptable control strategy called fuzzy- logic control is 
used [66]. These FLCs can provide maximum output power to 
the grid and ensure less mechanical stress on the mechanism 
parts yet to expand its lifespan. In [67], the authors proposed 
the use of the Economic model Predictive Control (EMPC) 
scheme to perform economic optimization in the operational 
costs of micro-grid. Fig. 22 and 23 shows the proposed EMPC 
system in wind power system at low wind speed region and the 
flowchart of FLCs in the system [66]. 
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Fig 22. Proposed EMPC System for Low Wind Speed Area. 

Other than that, the authors had proposed an energy 
management optimization model of wind- turbine based DC 
microgrid with batteries as the energy storage system [68]. 
This had overcome the intermittent characteristic of wind 
power in DC microgrid. The optimization of the energy 
resources can be achieved through the load and generation 
forecasting that related to electricity’s price. Apart from that, 
the battery energy storage system (BESS) is proposed to be 
installed at the generation side to stabilize the uncertainty of 
wind speed [69]. This system can regulate the output power by 
incorporating other generators in the grid system to provide a 
balanced power supply. The energy produced during the strong 
wind will be stored in this BESS system and the stored energy 
will be supplied for grid used whenever the area is to be 
detected in the low wind speed situation.  

 
Fig 23. Flowchart of FLCs. 

VI. GRID INTEGRATION OF WIND TURBINE GENERATOR 

A. Grid Connection of Wind Turbine Generator 
Wind Turbine Generator (WTG) can be classified into a 

few types of connections with a power grid base on their 
different speed controls. They are Type 1, Type 2, Type 3 and 
Type 4 WTG. Camm et al. stated that Type 1 WTG has its 
rotating speed fixed to the power grid frequency and its 
connection to the power grid is shown in Fig. 24(a) [70]. It 
usually implemented on squirrel-cage induction generator 
(SCIG) with soft starter and parallel capacitor bank across the 
step-up transformer connected to the grid side. The soft starter 
and parallel capacitor bank eliminate the effects of consuming 
reactive power and drawing large currents because of its 
excitation field produced by the machine. The rotating speed of 
Type 2 WTG can be varied but it is limited. Fig. 24(b) shows 
the connection of Type 2 WTG to the main supply grid which 
is usually used in the wound-rotor induction generator [71]. 
The machine has a parallel connection with a variable resistor 
to maintain the power when gust and a capacitor bank to 
supply reactive power too. 

The implementations of Type 3 and Type 4 WTG 
connections are getting more popular in recent years. Both 
Type 3 and Type 4 WTG are variable speed controlled. Type 3 
WTG is usually implemented with a doubly-fed induction 
generator (DFIG) whereas Type 4 WTG is usually 
implemented with a permanent magnet synchronous generator 
(PMSG). The difference between Type 3 and Type 4 WTG is 
the connection and control of the power converter. Fig. 25(a) 
and (b) show the connection of Type 2 and Type 3 WTG with 
the power grid [70, 72]. Type 3 WTG is partially controlled 
whereas Type 4 WTG is fully controlled. The control method 
and capabilities of Type 3 WTG will be further discussed in 
Section 3. For Type 4 WTG, it is series connected with two 
back-to-back inverters with a Direct Current (DC) link in 
between them, to the power grid. The inverters are responsible 
for the control of power supply and regulate its voltage so that 
power grid synchronization and stability could be achieved. 
Zou and He agree with the statement and proposed a control 
model for it in [72]. The controller at the machine side controls 
the inverter to generate power from the wind turbine whereas 
the controller at the grid side controls the inverter to regulate 
the voltage supplied to the grid to remain synchronized. This 
type of WTG and Type 3 WTG is widely implemented as it 
can control the speed of the wind turbine to generate optimum 
power. Optimum power supply to the grid is important to 
reduce the case of power fluctuation happens on the power 
grid. Putri et al. emphasize on optimum power generation for 
PMSG and the proposed control method in [73]. 

B. Capabilities of Wind Turbine Generators 
The voltage control of WTG is usually done by the 

centralized wind farm controller. It controls the amount of 
voltage supplied to the power grid. Type 1 and Type 2 WTG 
do not have the capabilities of voltage control whereas Type 3 
and Type 4 do have it [70]. This is because Type 1 and Type 2 
WTG require the capacitor bank to supply reactive power and 
correct its power factor. Type 3 and Type 4 can supply reactive 
power by itself. On the other hand, it means that the voltage 
can be controlled at a fixed terminal voltage and active power 
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with varied reactive power. Besides, WTG needs to have 
reactive power capabilities so that the desired connection could 
be achieved in Wind Power Plant (WPP) at a specific range of 
power factors. The reactive power capabilities of Type 1 and 
Type 2 WTG is done by the capacitor bank installed together 
with the WTG [70-78]. The capacitor bank can set to 0.98 
leading of the rated power to compensate for the no-load 
condition or 0.98 lagging of the rated power to compensate for 
the full-load condition. Type 3 WTG normally has 0.90 leading 
to 0.95 lagging power factor. Type 4 WTG has a wide range of 
power factor control since it has the control of current through 
the grid side converter [70, 79-84]. 

 
Fig 24. Connection of WTG to the Grid in Early-Stage (a) Type 1 WTG (b) 

Type 2 WTG. 

 
Fig 25. Modern Connection used between WTG and Power Grid (a) Type 3 

WTG (b) Type 4 WTG. 

There are a few problems regarding the stability of the grid 
met when connecting the WTG to the main grid. They include 
overvoltage in the network between WTG and grid, fluctuation 
of WTG output power, fluctuation of voltage in the weak 
distribution grid and more [74]. These problems are related to 
each other. Overvoltage usually occurs when the wind power 
generated is at its maximum and the power requirement by the 
load is at its minimum. Because of the variable wind speed and 
wind shear, the power fluctuation of WTG creates an 
aerodynamic power fluctuation. Power fluctuation can cause 
voltage fluctuation in a weak distribution grid and result in 
power quality issues. Thus, the control of voltage and power 
for WTG is important to maintain the stability of the power 
grid. This is also the reason why the popularities of 
implementing Type 3 and Type 4 WTG increase rapidly in the 
past decades. Besides, active voltage management by 
restricting the active power and compensate reactive power is 
one of the solutions to solve the overvoltage problem [74, 85-
91]. Restriction of active power reduces the voltage supplied to 
the grid and reactive power compensation limits the voltage at 
the terminal of WTG. 

C. Doubly Fed Induction Generator 
1) Proposed Model: Doubly Fed Induction Generator 

(DFIG) used Type 3 WTG connection to the power grid. As 
mentioned previously, it has a parallel connection of power 
converter or it can be referred to as two back-to-back inverters 
with a DC link connected in between. Fig. 26 shows the 
detailed schematic for Type 3 DFIG connection to the power 
grid proposed by Ledesma and Usaola in [75, 92-101]. Grid 
side inverter current is used to control active power and 
reactive power supplied to the grid; rotor side inverter current 
is used to control electromagnetic torque and excitation of the 
wind turbine. The voltage level of the DC link connected 
between two inverters is controlled by the active power of the 
grid side inverter. 

Lei, Mullane, Lightbody and Yacamini also agree with 
Ledesma and Usaola as they suggested the same connection for 
DFIG to the power grid. Fig. 27(a) below shows the connection 
between the DFIG and power grid which is approximately the 
same compared to Fig. 26 [76]. The model proposed by Lei, 
Mullane, Lightbody and Yacamini assumed that both inverters 
to be ideal in their simulations. The researchers implemented 
two back-to-back voltage fed Pulse Width Modulation (PWM) 
inverter, with a DC link connected in between connecting the 
WTG to the supply grid. The inverters have the same functions 
as before which are controlling the power output to the grid. 
This can be done by controlling the switching frequency of the 
Insulated Gate Bipolar Transistors (IGBT) in the inverters. It 
can be as effective as connecting to a voltage source controller 
as shown in Fig. 27(b). The researcher replaced the use of 
inverters to a voltage source controller in their simulation [76, 
102-103]. 
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Fig 26. Connection of DFIG with the Power Grid. 

Xu, Yao and Sasse proposed the use of voltage source 
converter (VSC) for DFIG in High Voltage Direct Current 
(HVDC) transmission in [77]. The large size DFIG wind farms 
are implemented and the power generated is transmitted to the 
power grid via two DC cross-linked polyethylene (XLPE) 
cables. A generator side VSC and a grid-side VSC is connected 
at both ends of the DC XLPE cable connecting the wind farm 
and power grid. A high pass filter is installed at both VSC to 
filter away high-frequency harmonics. Fig. 28 shows a clearer 
vision of the connection of the DFIG with the power grid 
proposed [77]. The voltage level and frequency generated by 
the wind farm are controlled by the generator side VSC 
whereas the voltage level supplied from the generator side is 
controlled by the grid side VSC at the power grid. To ensure 
the system operates normally, the voltage across the DC XLPE 
cable must be maintained so that it has a balanced power flow 
[77]. 

 
Fig 27. (a) Connection of DFIG to grid (b) Voltage Source Controller used to 

Replace two PWM Inverters in Simulation. 

 
Fig 28. DC XLPE Cables with VSC at both Ends Connecting Large Size 

DFIG Wind Farm and Power Grid Together. 

The first proposed model only consists of a variable-speed 
wind turbine control system, wind torque and mechanical 
system for completion in wind turbine modeling and assumed 
instantaneous control of current in inverters. The researchers 
also reduce the complexity in the simulation of the proposed 
model by using an integration step of 10 ms [75, 104]. The 
second proposed model allows the simulation of torque and 
reactive power controlled independently in a simple way. This 
model is suitable to analyze large size DFIG power systems 
and is efficient but not suitable for power converter study as 
both the PWM inverters were replaced by a voltage source 
controller to ease the simulation. The third proposed model 
provides advantages of fully controlled power flow of the 
system, can have long transmission distance regardless of the 
charging currents caused by the cable and high efficiency in the 
DC XLPE transmission cables. This proposed model also gives 
satisfactory results in operation and performance when no-fault 
occurred as shown in [77]. 

2) Fault Ride-Through Capability: Since DFIG is getting 
more popular to be implemented among other WTGs, it is 
important to study its behavior when the fault occurred. The 
sensitivity of DFIG to disturb the power grid when the fault 
occurred is very high. The control scheme and protection 
scheme is designed to allow a low voltage or fault ride-
through of DFIG and protect its components. Crowbar 
protection is one of the protection schemes that is usually used 
for DFIG during fault ride through. This protection scheme is 
suggested by Sava et al. and Lopez, Gubia, Olea, Ruiz and 
Marroyo for protecting DFIG when the fault occurred and 
both agree that this protection scheme lost control in the 
reactive power when the protection is on in [78, 79]. It lost 
control of reactive power because the rotor side converter is 
blocked and thus causing the WTG is disconnected from the 
grid when the protection is on. The rotor side converter will 
only be gained control after the protection of the crowbar is 
off. The connection of crowbar protection to DFIG as 
mentioned in [79] is shown in Fig. 30(a) below. The crowbar 
protection mainly consists of a resistor and active switch 
device connected across the rotor side. Activation of crowbar 
protection depends on the DC link voltage level of the back-
to-back inverters. When there is a fault occurred, the 
overvoltage or overcurrent will not destroy the rotor circuits 
but only activate and pass through the crowbar. 
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Fig 29. (a) Control Scheme when a Fault Occurs (b) Control Scheme when a 

Fault is Removed. 

However, consideration of reactive power compensation is 
important in the system. Sava et al. have developed a control 
method for reactive power generation by grid side converter 
when the crowbar protection is on as shown in Fig. 29 [78]. 
The grid side converter will be controlled to supply reactive 
power when the crowbar protection is on. Furthermore, there 
are alternatives like an injection of current that opposes the 
natural flux which can protect the components in the rotor side 
converter without disconnecting it. Xiang, Ran, Tavner and 
Yang proposed the injection of opposed stator flux to decrease 
the rotor current [80]. The decreased amount of rotor current 
will protect the rotor side converter from any thermal 
destruction. But, the current required to oppose it usually is 
very large which happens only severe voltage sag as described 
in [79]. Thus, Lopez, Gubia, Olea, Ruiz and Marroyo suggest a 
strategy of combining the crowbar protection and oppose 
current injection for fault ride-through of DFIG [79]. Crowbar 
protection activates instantly when a fault occurs and 
demagnetization of the machine happens at the same time. 
After the machine is partially demagnetized, crowbar 
protection is off and the inverter injects the opposing current to 
generate reactive power. This method only reduces the 
activation period of the crowbar protection which means that 
there will still be a very short period without generating 
reactive power. This method accelerates the injection of 
reactive power when the fault occurred as shown in Fig. 30(b) 
[79]. 

 
Fig 30. (a) Crowbar Protection Added to DFIG (b) Injection of Reactive 

Current into the Power Grid. 

Yao, Li, Liao and Chen agree that crowbar can protect the 
rotor side converter by disconnecting the rotor circuit and short 
it with the resistor in crowbar [81]. They stated that the DC 
link voltage between two back-to-back inverters will be 
fluctuated and affect the control of the rotor current when the 
rotor circuit is connected back to the system (fault has been 
removed) in [81]. It can be said that the DC link voltage is 
important to maintain the stability of grid-supplied voltage. Its 
stability is maintained through balance active and reactive 
power supply to the power grid. The researchers proposed the 
improved grid side converter control strategies when the grid 
voltage is constant and when there is voltage sag happens in 
[81]. When the grid voltage is constant, the controller will keep 
on checking current at the grid side converter to ensure the 
stability of DC-link voltage. When there is a voltage sag 
happens, grid voltage will decrease rapidly and lead to a huge 
difference in power supplied. This will cause the fluctuation of 
DC-link voltage. Hence, the researchers introduced a control 
loop for a single inner current to limit the fluctuation 
effectively and it is proven in [81] that both control strategies 
are validated. The proposed control loop will regulate the grid 
current rapidly from the semiconductor converter to reduce the 
difference in output power. This helps in reducing DC link 
voltage fluctuation and limit the DC link voltage. But, this 
control strategy when voltage sag happens is not applicable if 
severe voltage sag happens at the power grid. 

3) Reactive Power Support: As mentioned previously, the 
voltage control capability of WTG is important to maintain 
power grid stability. DFIG has the same voltage control 
capability as PMSG which is by controlling the generation of 
reactive power. As stated in [82], Santos-Martin, Arnaltes and 
Rodriguez Amenedo emphasized the importance of having 
reactive power capability for WTG required by the power grid 
when connecting WTG to the power grid. The reactive power 
usually generated by the stator and grid side inverter in the 
WTG. This reactive power generated is then fed into the 
power grid. Nevertheless, the grid side inverter has a unity 
power factor and this makes the only stator contributes to the 
reactive power supply in a commercial system. The 
researchers also stated that the voltage supplied to the power 
grid can be expressed in terms of reactive power in [82]. The 
stability of the power grid could be maintained if effective 
control of reactive power generation is established in WTG. 

Control of both rotor side inverter and grid side inverter to 
generate reactive power is possible for voltage control purpose 
and this is suggested in [83]. Under the uncoordinated 
condition, both inverters are working either to supply or absorb 
reactive power. One of the inverters should absorb the reactive 
power generated by the other to prevent any extra current 
circulates in the circuit that will cause thermal destruction to 
the inverters. Either rotor side inverter or grid side inverter is 
used for reactive power generation to regulate the voltage 
supplied to the power grid and another of them will not work 
under coordinated condition. The rotor side inverter will not 
supply reactive power when the crowbar protection is on [83]. 
Since the rotor side inverter will be disconnected when 
crowbar protection is on, the grid side inverter is responsible 
for the supply of reactive power to the power grid. 
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Fig 31. Rotor Side Inverter and Grid Side Inverter Control Scheme to 

Regulate Reactive Power 

The maintenance of power grid stability is important when 
it has more developments and implementations in WTG. This 
can be achieved through voltage regulation by generating 
reactive power supply to the power grid. Rabelo, Hofmann, da 
Silva, de Oliveira and Silva also agree with the statements 
above and they proposed a controller designed to regulate 
voltage by supplying reactive power adequately using the rotor 
side inverter and grid side inverter [84]. Adequate reactive 
power generation increases system efficiency. The controller 
designed used linear control techniques and some 
improvements were made according to its limitations. The 
controller implemented is shown in Fig. 31 above and the 
detailed control method can be referred to in [84]. The control 
scheme allows the control of reactive power to be generated by 
both inverters to compensate it for the system. This reduces the 
power loss in the system and hence increases its efficiency. 

VII. PROSPECTS AND LIMITATIONS 
Implementation of the wind power system in Malaysia does 

not give a lot of benefits. This is because wind speed in 
Malaysia is generally low and the direction of wind flow is 
unstable when compared with other countries. Wind power 
generated is insufficient to support the power grid. Ineffective 
control of wind turbine generator will lead to fluctuation of 
voltage and power supplied. But, these problems could be 
overcome by combining another source of energy in power 
generation. One of them is combining solar power with wind 
power in grid integration. Wind power can be used as a backup 
generator for solar power or vice versa to maintain a stable 
power generation. There are a few locations in Malaysia where 
the wind speed is higher and stable. These locations are 
suitable for this solar wind hybrid system. These power 
generations are also environment-friendly and sustainable 
when compared with the non-renewable energy used in 
Malaysia earlier like fossil fuels and natural gas. 

VIII. CONCLUSIONS 
This research report reviewed different parts of the wind 

power system which include wind turbines, energy storage, 
microgrid and grid integration. It has been found that the 
implementation of HAWT is not suitable for Malaysia due to 
unstable wind flow direction. VAWT can be considered as it 
has omnidirectional characteristics. The use of an energy 
storage system in the wind power system allows energy to be 
used in a “smarter” way. The power generated can be stored or 

supplied depends on load demand. The reliability of the wind 
turbine system in microgrid integration mainly depends on 
power control and energy management. Both strategies are 
important to maximize the efficiency of the microgrid. Type 3 
and Type 4 WTG would be suggested for grid integration as 
they have control in wind turbine rotation. They allow the 
control of voltage and reactive power supplied to the grid for 
maintaining grid stability. Effective control of reactive power 
generation needs to be found in the future work to maintain the 
stability of the power grid in WTG. 
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