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Abstract— Recent decades have seen an incline in integration 
of wind energy in to power systems across the world. This 
invariably leads to lower share of conventional power plant 
which subsequently reduces the grid’s inertia as a consequence 
of the decoupling rotational mass of the variable speed turbines 
and grid through power electronic converters. Accordingly, the 
overall system inertia is lowered leading to more frequent and 
intense frequency variations concomitant with the variation in 
the load. This research focuses on alleviating the rotational 
mass and inertia related problems caused by increasing wind 
power integration by adding an inertial loop to compensate the 
impact of frequency deviations due to abnormal transient 
conditions. The virtual inertia, thus added, reduces maximum 
rotational speed deviation while at the same time making the 
system slower and more oscillatory. The simulation consists of 
addition of synchronous generator capable of adapting its 
power output to the fluctuations in grid loads. A load step has 
been added for analyzing the performance improvement of the 
system as a result of the virtual inertia addition. The simulation 
has been modeled in Simulink MATLAB. The addition of the 
inertial power results in the improving the frequency drop from 
58.42 to 59.31 Hz. This stabilization of 0.9 Hz carries a lot of 
significance for improving grid stability. In addition the 
angular speed of the turbine has also been enhanced as a result 
of the virtual inertia. These findings will prove extremely 
helpful in offsetting the drawbacks of greater wind energy 
addition to grid. The analysis needs to be further replicated 
with other transient conditions before being implemented in the 
grid.  
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I. INTRODUCTION 

Energy being the necessity for driving human life its secure 
and accessible supply is critical for progressing of modern 
developing societies. Increase in population and evolution of 
societies has increased the demand for energy. Constant use of 
fossils fuels for energy generation, transportation, industries 
and other works of modern-day life will lead the world towards 
multiples challenges like depletion of natural reserves, global 
warming, climatic changes and geopolitical concerns. 
Exponential increase in global energy consumption needs to be 
met without implicating environment damage shows existing 
energy sources will not be sufficient for the future requirements 
and we should look for unorthodox ways to harness energy and 
not endanger the life of current and future generation [1]. 

Global energy demand according to International Energy 
Agency will increase 35% by 2035 where 60% of increase 
would be contributed by China, India and Middle East. The 
push of incorporating renewables in power system is due to the 
global concern about the negative impacts of global warming, 
motivating the countries around the world to  produce clean 
and cheaper electricity [2].The shift from producing electrical 
energy from fossil fuels to producing energy from more 
environment friendly cheaper and readily available sources 
impact of carbon emissions due to burning oil or coal and 
environmental effects due to nuclear and hydroelectrical power 
plants can be reduced [3]. 

Intergovernmental Panel on Climate Change (IPCC) 
predicts vital changes in energy supply should be done in near 
future to prevent more than 2 degrees Celsius climate change 
which is boundary line above which human civilization and 
natural world will be at risk of disastrous changes. Genesis of 
half the global warming pollution is due to burning of fossil 
fuels for electricity production. Industries in general accounts 
78% green house gases accumulating in atmosphere and 
trapping heat. In the last four decades human population 
amassed half of global pollution which is in the air we breathe 
severely affecting health and climate change [3]. 

Alternative energy sources solar, wind, biomass and 
geothermal energy are inexhaustible and widely available and 
have potential to meet world energy needs. To bring diversity 
in energy markets, sustainability in energy supplies, reduction 
in environmental effects, development and utilization of 
renewable energy sources are very critical. Solar and wind 
energy systems have grown exponentially in the last decade 
which have resulted in comparatively less initial investment, 
cost of electricity and more refined functioning of these 
systems. Amount of energy production from different available 
resources all over the world for year 2016 is show in Fig.1 [1]. 

Competition among countries have erupted that who will be 
the first country to utilize only renewable energy for 100% of 
the demand occurring. China has by far largest installed 
capacity of wind of all the countries. During first half of 2018 
Germany produced enough renewable energy to power every 
household in country for a whole one year. Denmark, Portugal, 
Spain, Ireland and Germany have static electricity production 
of 39%,18%, 16%, 14% and 9% respectively from wind energy 
[4]. 
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Figure.1 World Gross Electricity Production by Source, 2016 

Conventional power plants are designed with large central 
controlled systems which are stable and more reliable 
compared to renewable power generation whom are distributed 
and independently controlled and their integration in power 
system confronts various challenges, uninterrupted power 
supply and impact of stability. Power quality issues arise from 
grid connected renewable generation as level of penetration 
increases, high fluctuations due to unstable nature of renewable 
sources can confront serious quality concerns. Unstable nature 
of these sources is because of varying weather conditions 
which also have an impact on the voltage and frequency 
fluctuation at interconnected power grid and transmission 
systems [5]. 

Power generated from sources solar photovoltaic (PV) 
system and wind turbine needs sunlight and wind to operate. 
Uncontrollable varying of the sunlight and wind gives 
inconsistent generation. Compared to solar power wind is less 
variable and changes occurs over hours not in seconds as in 
case of solar due to cloud cover.  This fluctuating generation in 
turn needs instantaneous additional energy to balance out the 
supply and demand of power grid and frequency regulation and 
voltage support on transmission side. Improved weather 
forecasting can help predict the varying nature and help 
generate energy from solar and wind more accurately [5]. 

One of the major challenges with renewable power system 
is having less amount of rotational mass compared to 
conventional power systems which leads us to the minimum 
amount of inertia to maintain the proper operation and sustain 
any sudden changes in load and power generation. Wind power 
Systems must have greater flexibility to house the variation in 
supply side the generation limits and loads should be in synch. 
Sometimes with increase in load generation increases, but 
when wind generation increases, and load levels suddenly falls 
system needs to take additional control actions to balance gap 
between generation and demand. Adequate fast acting reserves 
needed to sustain up or down ramps of wind generation to keep 
system in equilibrium [6].    

Charles Brush in 1888 was first to attempt generating 
electricity using wind turbine in United States. Turbine 

generated by brush had a diameter of 17meters and 144 rotor 
blades with generating capacity of 12kw power. Wind power 
like other renewable sources has gained importance in recent 
years. Generating energy from wind is increasing rapidly and 
large investments are done in increasing installed capacity. 
Marcellus Jacobs developed one of the first practical fault 
tolerant wind turbine system which had airfoil shaped blades 
and wane to keep the turbine in face of the wind. Types of 
wind turbines are differentiated from each other by orientation 
of their rotational axis. Horizontal axis wind turbines 
(HAWTs) are the most commonly used wind turbine which 
have evolved during the 20th century resulted in bigger, 
durable and advanced turbines. Vertical axis wind turbines 
(VAWTs) though having potential fell victim to the poor 
energy market or lack of interest and financial support kept 
away from public association. Vertical axis wind turbines are 
more suitable for tidal current power conversion [7]. 

Renewable energy technologies like solar and wind energy 
plants has little to zero inertia constant compared to power 
plants generating power from traditional sources. Wide 
adoption of these technologies and increase in share of global 
power generation is decreasing the rotating mass of 
synchronous generators, which has a significant effect on the 
stability and potential of power system in maintaining the 
frequency in desired limit during sharp changes in generation 
and load [8].These sudden load changes in conventional power 
plants are compensated through the kinetic inertia stored in 
rotor of the generator but in wind power plants virtual inertia 
method is implemented which imitates synchronous generator 
kinetic inertia to improve the dynamic response of the system 
[8]. 

 
Figure 2: Increase in the rate of change of frequency in relation to different 

levels of RES integration 

the integration of renewable energy system in a country’s 

power system, in addition to increased reliability and 

improved voltage profile of the grid, also decrease the use of 

fossil fuel thus proving a net positive for the adopters [16-19]. 

The increasing penetration of the RESs however has been 

hampered by the concomitant challenges, such as frequency 

and inertia [20]. The challenges are manifesting in many 

forms. To start with the renewable energy systems are 
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generally regarded as low or nonexistent inertial response 

systems [21]. This is in part due to the fact that the wind 

turbines, being variable speed, are connected with the power 

network via power electronic converters, leading to practical 

decoupling of the wind turbine and the associated inertia from 

the system transient behavior. This ultimately leads to the 

overall reduction of power system inertial with increase in the 

RES integration_ a fact supported by the example of 

simulation on UK’s energy system where researchers 

forecasted a decrease of inertia constant of the system by 70% 

between 2013/14 and 2033/34 as a direct outcome of increased 

renewable energy systems [22,23]. Consequently, the ROCOF 

(Rate of Change of Frequency) factor will be high enough to 

warrant power disconnection even in small imbalance 

situations. Figure 2 shows the ROCOF variation relative to the 

increased penetration of the renewable energy scenarios in a 

power grid covering 3.8 MW demand [24]. It is obvious that 

higher proportion of renewable energy systems in the grid 

leads to higher ROCOFs. 

 

  

Figure 3 Renewable energy systems frequency and inertia control systems

Inertial control in wind power plants enables the release of 
the kinetic energy within 10 seconds of the frequency deviation 
in contrast to the reserve control system where pitch angle, and 
speed control or the combination of both results in balancing 

power output of the power plants. The general overview of the 
inertia response controls in RESs is shown in the figure 3. 
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The generator in the conventional power plants 
automatically releases the stored energy as per requirements, 
hence achieving stable operation. The wind power turbine, 
however, do not have the luxury hence necessitating a power 
controller. The inertia response is usually dealt with in two 
manners: Inertial emulation and fast power reserve. The former 
utilizes control loops for extracting kinetic energy stored in the 
blades upon requirements. The additional energy thus released 
compensates for the frequency disturbances. The later 
technique releases a predetermined constant power for a 
designated time to deal with the fluctuating frequency. 

II. METHODOLOGY 

Wind turbine used in this study is Doubly-fed Induction 
generator DFIG which is implemented for varying wind 

speeds. Wind turbine increasing penetration in power grid 
doesn’t have effect on the frequency up and down. 
Responsibility of frequency regulation and automatic 
generational control lies on conventional generator to keep it in 
specified limit. Hence wind turbines do not increase or 
decrease their energy production when the frequency rise or 
falls, ultimately contributing nothing to the system inertia. 
DFIG turbines however has ability to deliver power and 
instantly reduce speed to release the stored kinetic energy to 
Block Diagram of proposed Wind Turbine System with Inertial 
Support help support conventional generator in restoring 
frequency to stable limits [50].  

 
Figure.4 Block Diagram of proposed Wind Turbine System with Inertial Support 

Wind turbine selected has the capacity of 225MW and wind 
set at 12m/s with 45 degree maximum pitch angle. Frequency 
for all the equipment is set at 60hz. A synchronous generator of 
capacity 900MVA connected with grid through the 
transmission line to provide the needed power in case of any 
unprecedent load changes or total fall. Synchronous Generator 
is not operating at its full capacity but at Pref =0.65 meaning 
the generator is operating at 585MW. A load of 930MW is also 
connected with grid and a load step of 50MW is introduced in 
the system at 100sec in the operation of the whole 150sec 
simulation. 

All over the world it’s a common practice of modern power 
system operator to reduce the rotational mass and replacing 
them with more efficient modern ways of producing power. 
Increasing use of power electronic converters due to the 
increasing penetration of renewable has led to the changing 
dynamic behavior of the power system. Renewable generating 
units, rotational mass from the grid are disassociated because 
they are connected via power electronic converter. Which lead 
the system operators to challenges; large power swings and 
frequency deviations [51]. 
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Synthetic inertia is first line of defense to resist decreasing 
alternating current AC frequency which usually occurs due to 
tripping of large power plant which leaves the grid 
undersupplied consequently leaving the AC frequency to crash. 
Conventional power plants or synchronous generators have the 
capability to abruptly responds to the dips in frequency because 
of spinning turbines momentum whom are synched with the 
grid and resist any deceleration. Turbines momentum resist 
decrease in frequency, giving the power system precious secs 
to runup power reserves and fill the resulting supply gap [52]. 

Some studies show that negative grid stability can be upto 
an extent compensated by the renewable energy generators fast 
frequency response or by providing virtual inertia, but delay in 
response to the frequency change and the technology still in 
development compels the system operators to have some 
amount of synchronous generation for stability. Therefore 
synchronous generators are used in high renewable penetration 
power systems for inertial support [53]. Main advantage of 
synchronous generator is its physical inertia which can 
withstand changes in the grid parameters. Grid frequency can 
be measured from the generator speed of any generator 

connected on the synchronous grid. For any large shock like 
failure of power plant or transmission line the faster the rate of 
change of frequency, therefore grid needs inertia for stability 
[53]. In this study we have connected a synchronous generator 
with the DFIG wind turbine to analyze the effect of transients 
on the system with and without the inertial support. 

For the synchronous generator to produce electricity and 
maintain constant voltage is supplied to the rotor of generator 
to produce magnetic flux that is essential for production of 
electricity.  Current supplied to the synchronous generator 
excitation system is in alternating current AC fed from the 
generator output itself, in order to convert it to direct current 
DC it is passed through a thyristor-based rectifier and is then 
smoothen by passing through a filter. The level of DC can 
adjusted by firing signal of thyristor. The firing circuit of 
thyristor is controlled by voltage regulators which controls the 
excitation system of the generator. Current is directly fed to the 
generators rotor by way of slip rings which eliminates the 
problem of having another rotating machine [54]. A load step 
is added in the system to study transient condition and how the 
DFIG wind turbine react to any sudden increase in load. 

 
Figure.5 DFIG Wind Turbine Block Diagram 

Electrical power system with multiple generators having 
low inertia would have to work efficiently and in coordinated 
way to keep the frequency steady. Present wind turbine 
technology with power electronic converter have inertia equal 
to zero connected to the grid are very like to behave 
unpredictably unstable and cause blackouts. Asynchronously 
generated energy for wind turbines mostly inject no inertia in 
power system because they are electronically decoupled from 
the grid [52]. 

Wind turbines can in principle emulate inertial behavior of 
conventional power plants and respond to the grid shocks by 
providing extra power through collaboration of power stored in 
flywheel of turbine and the solid-state power electronics. 
Kinetic energy accumulated in the rotational mass of wind 
turbines, extracted when system faces frequency deviation 
caused by the imbalance on power system, between load and 
generation [55]. 
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Kinetic energy extracted to bring frequency back to optimal 
limit will reduce wind turbine rotor speed. Now accelerating 
the turbine to normal speed will absorb wind power which 
could be exported to the grid, reduction of 60% have been seen 
in ENERCON data. This post inertia recovery of wind turbine 
rotor speed could cause double dip in the system frequency, 
leading to triggering of protective relays  and causing  
blackouts. To minimize frequency double dip risk system 
operators are re-evaluating synthetic inertia and plans 20% 
power reduction limit of turbine capacity during recovery of 
frequency [55]. 

Wind turbines are mostly implemented in rural and urban 
areas utilizing wind energy to generate electric power. When 
low wind speed then the voltage output from wind turbine after 
going through rectification is less, as this voltage is less 
compared to rated charging required voltage. This problem of 
less voltage is quite common in domestic  regions cause wind 
speed is in range of 0 to 4m/s ultimately reducing efficiency to 
20%. Therefore, buck boost converter is connected at the 
output terminal of wind turbines which boost the voltage 
produced at lower wind speeds to the required level of voltage. 
Buck boost converter is a cascaded DC DC converter 
connected in series with each other. When wind speed is low 
boost converter is activated and at higher speeds buck 
converter is activated to keep the voltage constant and keeping 
the system protected [56]. 

Voltage from wind turbine before being connected to grid 
is rectified then passed through a buck-boast converter to 
stabilize the voltage. Voltage on buck side is first converted to 
the direct current voltage and then through converter action 
buck or boosted to required voltage and is converted back to 
alternating current [56]. 

Optimizing the power output of wind turbine different 
control methods are used, generator speed control, pitch angle 
control and yaw control. Blade angle of turbine can be changed 
by using pitch control to attain certain rotor speeds by 
adjustment furl and stall. In stalling angle of attack is increased 
meaning flat side of the blade is further in the wind, furling 
angle of attack is deceased and flat side of the blade is 
perpendicular to the wind . It is most effective and proven way 
of limiting output power by varying the force applied on the 
blade aerodynamically at higher speeds of wind. On the other 
hand, Yaw control the horizontal axis rotation of turbine, 
making sure that turbine is constantly facing into the wind, 
because wind speed can vary very quickly misalign the turbine 
from facing into wind and costing losses in output power. The 
final type of control is done through electrical subsystems in 
which dynamic control of turbine is achieved by electronic 
converters which are connected at the terminal of generator 
[57]. All the different parameter of the system is taken to data 
acquisition for measuring and analysis purpose. 

  
Figure 6: Inertial Loop 

Virtual inertia is a feature used in renewable power systems 
with zero or low physical inertia, physical means having 
rotational inertia which in present power system is reducing 
rapidly as increase in renewable energy generation is integrated 
into the system. On one side integration of renewable is quite 
beneficial for the environment and long-term planning of 
power systems but on the other side it brings along some 
complications: varying power generation, weather constraints 
and having less or equal to zero inertial mass. Virtual inertia is 

control technique aiming to control the DFIG wind turbine  to 
regulate its output power when frequency deviation occurs due 
transient conditions. Rate of change of frequency ROCOF 
elucidates a reference signal to provide extra power, added 
with the normal reference provided by the maximum power 
tracking controller MPPT [58]. 

Inertial loop is an extra added loop in the power reference 
block which provide active power reference signal to the rotor 
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side of the converter. 2H(df/dt) is term introduced by auxiliary 
signal, H is inertial constant expressed in seconds representing 
the time active power is provided by the wind turbine when 
rotor of turbine is decelerated to from nominal speeds to zero 
to extract the kinetic energy accumulated in the rotating mass. 

Pauxref  =Kdroop(f−fo)                      

Fo is nominal frequency 60Hz , Droop parameter for large 
conventional generator is in the range between 3 - 5%, 
depending on the type of generating unit [58]. 

This method is based on primary frequency controlled 
provided by the conventional generators. Droop controller are 
implemented on the wind farm level in place of applying to 
every single wind turbine. This shows that the signal generated 
from the controller is divided among the turbines in wind 
farms. Droop control loop reduces the torque accelerating rotor 
of the generator during the frequency dip. Combination of both 
droop controller and inertial controller is optimum for working 
of the DFIG wind turbines. 

III. RESULTS AND DISCUSSIONS 

1) Frequency Comparison 

In figure 7, we are comparing the effect of virtual inertia 

compensation on the system frequency. There are two plot 

lines one is when inertial power required to bring frequency to 

stability .  When inertial power is added the first harmonic of 

frequency drops to 59.31Hz while in the other condition 

frequency drops to 58.42Hz. Frequency in the latter condition 

recovers faster and with less harmonics. There is difference of 

0.9Hz between the two. 0.9hz difference is large and if 

through this system frequency can improved then the system 

will quickly become stable and any unpredictable conditions 

can avoided. 

 

 
Figure 7: Frequency Comparison 

2) Active Power of Wind Turbine 

Active power of wind turbine is more when virtual inertia is 

added in the system. Virtual inertia addition makes the system 

slower and oscillatory due to which oscillation can be seen at 

the start of the operation. Additional active power during fault 

condition is drawn from the rotating masses. After the 

triggering of load step at 100sec mark active power has 

slightly increased again. The extra power produced by the 

wind turbine slightly reduces the ROCOF giving more time to 

active governors to kick in and respond. Active Power 

comparison figure 8. 

 

 
Figure 8: Active Power Comparison of Wind Turbine 

3) Reactive Power of Wind Turbine 

Generator utilization and generation of reactive power allows 

network operator to maintain the voltage stable throughout the 

power system. Reactive power plays crucial role in the 

stability of power system and flow of active power throughout 

the transmission system. For wind turbine to maintain the 

power factor equal to 1 reactive power supply in wind turbines 

is kept constant that is why reactive power management is 

essential. The fluctuation in the start of the plot is due to 

extraction of kinetic energy for addition of inertial power from 

the rotor of synchronous generator. 

 

 
Figure 9: Reactive Power Comparison of Wind Turbine 

4) Active Power of Generator 

Generator power reference Pref was set at 0.65pu . In figure 

10 the blue plot after getting stabilized reaches the desired 

reference point earlier compared to red plot which was the 

system behavior when generator was not providing the extra 

inertial power for bringing the deviation to normal limits.  
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Figure 10: Active Power Comparison of Generator 

5) Reactive Power of Generator 

Loads connected to the system and load step at 100sec are 

purely resistive. We know that resistive load has no effect on 

the generator reactive power .That why in both the cases when 

load step is added they both react in the same way . 

Fluctuation in the start is due to generator startup which later 

on goes away when generator is stabilized. 

 

 
Figure 11: Reactive Power Comparison of Synchronous Generator 
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CONCUSLION  

This research focuses on alleviating the rotational mass and 
inertia related problems caused by increasing wind power 
integration by adding an inertial loop to compensate the impact 
of frequency deviations due to abnormal transient conditions. 
Reduced rotational inertia leads to faster frequency deviations 
and transient power exchanges over tielines in case of power 
fault. This may cause unexpected tripping of tielines due to 
automatic protection devices making the situation even critical. 
In this Study we found 0.9hz of frequency drop improvement 
from 58.42Hz to 59.31Hz with the addition of inertial loop in 
the system, which is quite a significant improvement for grid 
stability. Active power produced by wind turbine also increases 
reducing the Rate of change of frequency giving enough time 
to the rotating masses to respond to the transient situation. 
Active power or inertial power provided in this system is from 
a synchronous generator connected with grid. Reactive power 
of wind turbine is kept constant to keep the power factor unity. 

These findings will prove extremely helpful in offsetting the 
drawbacks of greater wind energy addition to grid. The 
analysis needs to be further replicated with reduction in load 
and other transient conditions before being implemented in the 
grid. 
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