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Abstract: With proliferation of wind energy, the Variable 

Speed Wind Turbine inertial response is current research 

interest. This research work, analyzes Virtual Inertia 

Control (VIC) technique for VSWT to provide active 
power support during power imbalance due to sudden 

load change on large interconnected power system. The 

traditional maximum power point tracking curve has been 

modified based on frequency deviation for kinetic energy 

extraction from VSWT in order to improve primary 

frequency response of the Grid. The simplified DFIG 

(Type-3) model, PMSM-FRPC (Type-4) model, IG-FRPC 

(Type-4) model Wind Turbine Generators (WTGs) with 

VIC has been aggregated and integrated into two area 

power systems which include hydro and thermal power 

plants. The performances of above WTGs are compared 

under VIC control. The MATLAB/SIMULINK has been 
deployed to carry out simulation. Simulation results 

depicted a smooth recovery of rotor speed to optimal 

value, reduced Rate of Change of Frequency (ROCOF) 

and improved frequency nadir for effective grid support. 

Key words: Frequency Response; VSWT; Virtual Inertia 

Control; DFIG; PMSM; Induction Generator. 

 

1. Introduction 

 
The projected prediction by 2021 of wind power 

generation amidst renewable energy resources is 800 

GW. The global wind turbine installation may cover 
nearer to 6% of world electricity demand. The real 

power imbalance causes the grid frequency to deviate 

from nominal value. A drop below nominal 

frequency can be attributed to decrease in generation 
or increase in demand. In India, frequency varies 

from 48.5- 51.5 Hz. Mitigation of power imbalance 

is made possible by primary and secondary 
frequency control.  Hence, inertial response is 

important because it limits the rate of change of 

frequency and frequency nadir after power imbalance 
due to sudden load change [1-3]. 

The system may face critical frequency stability 
challenges owing to large penetration of large scale 

wind power generation in to the grid. Wind power 

plants through fast and flexible control scheme are 
expected to render frequency regulation [4, 5].The 

optimal speed tracking for maximum wind energy 

capture can be achieved by embedding vector control 

scheme. It has been observed that VSWT under 
MPPT mode of operation is not able to provide 

whole primary frequency response [6, 7].Model of 

VSWT for simulation of power system dynamics and 
the role of DFIGs for system frequency regulation 

are analyzed in [8,9].Here, for inertial response, 

control system includes a supplementary control 
loop. Compared with fixed speed wind turbines 

coupled with conventional generators, variable speed 

wind turbines are capable of releasing kinetic energy 

considerably [10-12].The inertial support in VSWT 
can be rendered through two approaches viz. PD 

based governor-inertia controller or direct increase in 

active power output for a specific duration[13-
18,22,23].In the afore mentioned works, it can be the 

seen that for a specific system and wind speed, 

control gains are constant which arises the difficulty 

to find a specific gain of VSWT for several wind 
speed conditions. Also, during transient period, the 

control gain change should be in accordance to 

system composition in order to store or release of 
kinetic energy. These control approaches cannot 

realize smooth recovery to operation of MPPT. In 

[26-28], inertial response capability of DFIG and 
PMSM are analyzed with optimal power point 

control strategy for providing rapid inertial response. 

The major objectives of this research work are stated 

as follows, (1) Analysis of impact of various wind 
turbine generators with DFIG, PMSM-FRPC and IG-

FRPC with and without VIC function on frequency 

stability of an interconnected two-area hydro thermal 
power system after load disturbance. (2) 
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Implementation of variable MPPT method to PMSG, 
DFIG and IG based wind turbine.The organization of 

this paper is as follows. Section 2 discusses 

simplified models of various wind turbine generators 
viz DFIG-WT, PMSM-FRPC and IG-FRPC. Virtual 

inertia control concept has been introduced in section 

3.Section 4 explores the utility of the model 

developed for primary frequency control through 
MATLAB/SIMULINK .Simulation studies thus 
validating the effectiveness of method presented. 

2. Model of WECS 

 

 2.1. Wind Turbine Model 

 

The power extracted from the WTG is a 

function of wind speed, air density, rotor size and tip 

speed ratio and pitch angle. 

Pt = {
0.5ρA

Pbase
}v3Cp(λ, β)   (1) 

  
The mechanical torque can be expressed as follows, 

T𝑚 = Pt/ωt           (2) 

The performance coefficient Cp  is taken from 

reference [8].The optimal power based on MPPT 
control is      

Popt = Kopt ωt
3      (3) 

Based on 2MW wind turbine parameters, the cp(λ, β) 

vs λ characteristics for various β values have been 

obtained and are depicted in Figure 1, while Figure 2 
shows the power-speed curve. The Table 1 shows the 

parameters of 2MW wind turbine. 

 

 

Fig 1. Cp(λ, β) vs  λ 

   

Fig 2. Power –Speed curve 

 

Table 1. Parameters of WT 

 

 

2.2. Simplified model of DFIG 

 
The voltage equations in pu for stator and rotor 

of wound rotor induction machine based on d-q 

reference frame are as follows [3, 16, 24]. 

 vds = Rsids − Ψqs +
1

ωs

dΨds

dt
    (4) 

vqs = Rsiqs +Ψds +
1

ωs

dΨqs

dt
                (5) 

vdr = Rridr − sΨqr +
1

ωs

dΨdr

dt
    (6) 

vqr = Rriqr + sΨdr +
1

ωs

dΨqr

dt
                (7) 

The flux linkages in these equations were referred 

from [16].The electromagnetic torque generated is 

given by following equation 

  Te = Ψds  × iqs  − Ψqs × ids   

        =  Ψdr × iqr −Ψqr × idr   (8) 

Through appropriate choice of the reference frame 

(stator flux oriented vector control), Ψds =1 pu , Ψqs = 

0,  Manipulating equation (4) to (8) the following 
equations can be obtained.  

 iqr = 
1

Rr
×

1

[1+sT1]
vqr   (9) 
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V4=11 m/s

V5=10 m/s

V6=9 m/s

V7=8 m/s

V8=7 m/s

V9=6 m/s

MPPT locus

Parameter Symbol Value 

Radius of Rotor R 37.5m 

Speed of Rotor ωt 9-21rpm 

Power rating Pbase 2 MW 

Wind speed  

(nominal) 
νbase 12 m/s 

Moment of inertia J 5.9x10̂ 6Kgm2 

Density of Air ρ 1.225 kg/m3 

Gear box ratio n 95 
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    T1 = 
L0

ωsRr
  and L0 = [ Lrr −

Lm
2

Lss
]       (10) 

The electromagnetic torque,  

 Te =  iqs = −
Lm

Lss
iqr        (11) 

The rotor dynamics of WTG is given by   

       
  dωt

dt
  = 

1

2H
(Tm − Te)     (12) 

The simplified model to represent DFIG based on 

equations (9 -12) is shown in Figure 3 and Table 
3.shows the parameters of a 2MW induction 

machine. 

 

 
Fig 3. DFIG WTG model 

 

Table 3. Parameters of Induction machine 

  

Parameter Symbol Value 

Rated power Sbase 2MW 

Rated frequency f 50 HZ 

Rated Voltage V 690V 

Pole pair p 2 

Generator speed ωg 900-2100 rpm 

Magnetising Reactance Xm 3.96545 pu 

Stator Reactance Xls 0.09273 pu 

Rotor Reactance Xlr 0.1 pu 

Stator Resistance Rs 0.00491 pu 

Rotor Resistance Rr 0.00552 pu 

Inertia Constant Heq 4.5 sec 

 
The MATLAB/SIMULINK model for DFIG WTG is 

shown in Figure 4 

 

 

Fig 4.MATLAB/ SIMULINK model for DFIG WTG  

 

2.3. Simplified model of PMSM-FRPC 

 

The voltage equations of PMSM in pu is given 

by [16, 25]. 

vds = Rsids + 
dΨds

dt
−ωgΨqs   (13) 

vqs = Rsiqs + 
dΨqs

dt
+ ωgΨds + ωgΨm   (14) 

The flux linkages in these equations were calculated 

from,  

Ψds = Ldids +Ψm      (15)

  Ψqs = Lqiqs    (16) 

The electromagnetic torque is 

            Te = Ψmiqs    (17) 

Manipulating equation (23) to (25) the following 

equation can be obtained, 

iqs = 
vqs−ωgΨm

Rs+sLs
     (18) 

The simplified model to represent PMSM based on 

equation (13) to (18) shown in Figure 5 and 2MVA 

PMSM parameters are specified in Table 4.  
 

 

Fig 5. PMSM-WTG model  

The MATLAB/SIMULINK model for PMSM-FRPC 

WTG (Type 4) is shown in Figure 6 

 

 

Fig 6.MATLAB/ SIMULINK model for PMSM-WTG  

Table 4.Parameters of 2MVA PMSG     

Parameter Symbol Value 

Rated power Sbase 2MVA 

Frequency  f 50 HZ 
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Pole pair p 24 

Rotor speed ωg 9-21 pm 

d-axis Mutual inductance  Ldm 0.384pu 

q-axis Mutual inductance  Lqm 0.344pu 

 Resistance of  Stator Rs 0.125pu 

Leakage Inductance Lls 0.016pu 

Flux of permanent magnet Ψm 1.2pu 

2.4. Simplified model of IG-FRPC 

Through appropriate choice of the reference 

frame (vector control) Ψdr =1 pu and, Ψqr = 0. 

Manipulating equations (4) to (8) the following 

equation can be obtained. 

iqs =
1

Rs
 ×  

1

[1+sT1]
vqs     (19) 

Where,   T1 =
Lss

ωsRs
     (20) 

Te = iqr = −
Lm

Lrr
iqs     (21) 

 The simplified model to represent IG-FRPC 

based on equation (12), (19)-(21) shown in Figure 7 

and computed parameters of simplified WTGs model 

is summarized in Table 5 

 Table 5.  Parameters of simplified WTGs model 

 WTGs X1 X2 X3 T1 

DFIG 1.02338 181.159 0.977149 0.10997 

PMSM 0.8333 8 1.2 2.88 

IG 1.025217 203.6659 0.9754 2.6322 

 

 

  

Fig 7 . IG -WTG model  

The corresponding MATLAB/SIMULINK model for 

IG-FRPC WTG (Type 4) is shown in Figure 8. 

 

 

Fig 8. MATLAB/ SIMULINK model for IG- WTG  

3. Virtual Inertia Control scheme 

In the conventional supplementary control, the 

torque reference Tref has been modified based on 

ROCOF and deviation of grid frequency. The 

additional control signal is given by  

Tsp
* = Tref - Kdf

𝐝∆𝐟

𝐝𝐭
 - Kpf ∆f   (22) 

Where, Tref  torque set point based on MPPT curve, 

Tsp* modified torque reference signal to converter 

control. The higher values of Kdf and Kpf indicate 

stronger virtual inertia of VSWTGs. Figure 9, shows 

the conventional governor inertia controller for 

VSWT.  

 

Fig 9. Conventional control for VSWT 
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 Fig10. Virtual Inertia Control 

Based on MPPT control, the rotor speed ωt0 and 

grid frequency deviation ∆f are given as the input 

variable to VIC scheme in order to generate torque 
reference. The expression to calculate KVIC is given 

by 

𝐊𝐕𝐈𝐂 =
𝛚𝐭𝟎

𝟑

(𝛚𝐭𝟎+∆𝛚𝐬𝐊𝟏)
𝟑  * 𝐊𝐨𝐩𝐭      (23) 

 

Where ωt0 is the rotor speed before frequency event, 

K1 is the coefficient for virtual inertia, ∆ωs is the 

synchronous grid frequency deviation. Figure 10 

shows the VIC based on variable MPPT curve. The 

optimal power extraction based on MPPT control is 

represented by equation (24). 

𝐏𝐭 =

{
 
 
 

 
 
 

𝐊𝐨𝐩𝐭 𝛚𝟎
𝟑

𝛚𝟎− 𝛚𝐦𝐢𝐧
 (𝛚𝐭 −𝛚𝐦𝐢𝐧 ) , 𝛚𝐦𝐢𝐧 ≤ 𝛚𝐭 < 𝛚𝟎   

𝐊𝐨𝐩𝐭  𝛚𝐭
𝟑 ,                              𝛚𝟎 ≤ 𝛚𝐭 < 𝛚𝟏  

(𝐏𝐦𝐚𝐱−𝐊𝐨𝐩𝐭 𝛚𝟏
𝟑)

(𝛚𝐦𝐚𝐱− 𝛚𝟏)
  (𝛚𝐭 − 𝛚𝐦𝐚𝐱) + 𝐏𝐦𝐚𝐱 , 

                                             𝛚𝟏 ≤ 𝛚𝐭 < 𝛚𝐦𝐚𝐱 

𝐏𝐦𝐚𝐱 ,                                            𝛚𝐭  ≥  𝛚𝐦𝐚𝐱  }
 
 
 

 
 
 

   (24) 

   In Figure 11,the segment A-B, B-C, C-D represents 

starting zone (𝛚𝐦𝐢𝐧 ≤ 𝛚𝐭 < 𝛚𝟎), optimizing 

zone  (𝛚𝟎 ≤ 𝛚𝐭 < 𝛚𝟏 ) and constant speed 

zone ( 𝛚𝟏 ≤ 𝛚𝐭 < 𝛚𝐦𝐚𝐱   ) respectively. Figure 12, 

shows the VIC based variable MPPT curve for three 

different values of KVICopt = 0.56, KVICmax = 0.9 and 

KVICmin  = 0.4 . It is observed that a series of power 

tracing curves are generated for various KVIC changes 

from Kopt with occurrence of load disturbance in the 

grid. The torque reference is regulated quickly 

through switching of operating point A (on MPPT 

curve) to B (on MPPT left curve) and then to C. The 

VSWT generator releases the stored kinetic energy 

through path ABC to support the grid. Post frequency 

event ,the VSWT must regain its optimal MPPT 

point. 

 

Fig 11.  Power-speed curve MPPT control 

 

Fig 12.  VIC based variable MPPT curve 
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4. Simulation of aggregated model of wind 

farm with VIC strategy 

To investigate the performance of VIC strategy 

,a two-area, four machine power system along with  

aggregated wind farm model housing 270 wind 

turbines with generators DFIG ,PMSM-FRPC and 

IG-FRPC is established to evaluate the impact  of 

VSWT generators to regulation of system frequency . 

The two area test system is shown in Figure 13.The 

system comprises of four 900-MVA conventional 

generators, and split into two areas. 

 

Fig 13. Two area test system 

Area1 includes generators G1 and G2.The entire 

load of 967MW is connected to bus 7. Generators G3 

and G4 are in Area2 and Load of 1767MW 

connected at bus 9 with tie line loading of 400MW. 
G1 and G3 are treated as hydro plants and G2 and G4 

are considered as thermal units. 

Wind speed of 12 m/s is assumed. The 
simplified model for Type 3 and Type 4 WTG model 

has been incorporated in to the two area power 

system at bus 12.In these simulations, 2MW type 3 

and type 4 designs are combined to yield 540MW 
wind farm, i.e., Penetration level of 30% (of area 1 

capacity) has been simulated for an equal 

contribution from aggregated model of DFIG, 
PMSM-FRPC and IG-FRPC WTGs. The various 

cases of control are as follows,  

Case I: VSWTGs without frequency controller 
(with MPPT control).  

Case II: VSWTGs with a conventional df/dt 

controller.  

Case III: VSWTGs with the Virtual Inertia 
Controller.  

Figure 14, shows the MATLAB/SIMULINK 

sub system model for two area system, aerodynamic 

model of wind turbine and different variable speed 
wind turbine PMSM-FRPC, DFIG and IG-FRPC 

along with virtual inertia control.  

Table 6. Conventional Generating Units Parameters. 

Parameter Symbol Area1 Area2 

G1 G2 G3 G4 

Plant capacity 

MVA 

P 900 900 900 900 

Operating load 

capacity MW 

P0 700 700 719 700 

Inertia constant  H 6.5 6.5 6.175 6.175 

Speed Regulation R 0.05 0.05 0.05 0.05 

Governor time 

constant(sec) 

TG 0.2 0.2 0.2 0.2 

Turbine time 

constant 

TW/TRH 1 7 1 7 

Turbine 

parameter 

RT / 

FHP 

0.38 0.3 0.38 0.3 

Turbine 

parameter 

TR/TCH 5 0.3 5 0.3 

Nominal 

operating load  
Pd0 967 1767 

Change in load  

in pu 

∆Pd 0.11 0 

Frequency Bias B 41 41 

Equivalent 

Inertia 

Heq 6.5 6.175 

Load Damping D 1 1 

Change in load in 

Area 1 MW 

∆Pd1 200MW 

Tie line power  

MW 

∆Ptie 400MW 

 a12 1 

 

4.1. Dynamic response of two area system with 

30% wind farm penetration level  

4.1.1. Dynamic Response of two area system 

Grid frequency, rotor oscillation of wind 

turbines and inertial response for a sudden increase in 

load of 200MW in area1 at 90sec for the three cases 

of control strategies are evaluated for dynamic 

response. 
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Fig14. MATLAB/SIMULINK model of test system 

 

Without inertial response of the WT, conventional 

generators bear up the load through governor control. 

Now, frequency dropped from 50 Hz to 49.47 Hz 

within 2sec, at a higher ROCOF. With df/dt control 

loop, frequency drops to 49.55 Hz within 2 sec. With 

VIC loop, the wind farm increases its output active 

power rapidly and hence frequency drops to 49.64 

Hz within 1.7 sec. It is observed that VIC can 

increase frequency nadir and reduce the ROCOF. 

The dynamic rotor speed response with MPPT 

control, df/dt control and virtual inertia control 

methods are presented in Figure 16. It is observed 

that VIC can vary the rotor speed over a wide range 

to release or absorb more kinetic energy to improve 

primary frequency regulation. The inertial response 

for three control strategies viz, MPPT control, df/dt 

control and virtual inertia control methods are 

presented in Figure 17. It is evident that VIC can 

immediately provide active power support of 0.03 pu 

(54MW) to the grid.  

 

 

Fig15. Grid Frequency response 

 

 

 

 

 

 

Fig 16.The rotating speed of WTG 
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Fig 17. The inertial response of the wind farm 

 

4.1.2. Inertial response characteristics of wind 

turbine generators  

The inertial response of generators under 

consideration with MPPT control, df/dt control and 

virtual inertia control methods are presented in 

Figure (18) to (20), for a sudden increase in load of 

200MW in area1 at 90sec 

 

Fig 18. The inertial response of the PMSG-FRPC WTG 

 

               Fig19. The inertial response of the DFIG WTG 

 

Fig 20. The inertial response of the IG-FRPC WTG 

The comparisons of inertial responses change in 

rotor speed and change in electromagnetic torque for 

different type of WTGs with virtual inertia control 

methods are summarized in Table 7. 

 Table 7. Comparisons of PMSG, DFIG and IG 

WTGs 

Comparisons of WTGs with VIC control 

 WTGs 

Change in 

power 

output(pu) 

Change in 

rotor 

speed(pu) 

Change in 

electromagnetic 

torque(pu) 

PMSM-

FRPC  0.0119 0.0708 0.2 

DFIG  0.0097 0.0528 0.168 

IG-

FRPC 0.0097 0.0528 0.1665 

 

It is seen that VIC can change the power output 

to 0.012pu (21.5 MW), 0.0097pu (17.46 MW) and 

0.0097pu (17.46 MW) respectively for initial few 

seconds. It is observed that, when compared to type 3 

DFIG WTG, type 4 PMSG WTG provides strong 

inertial response and inject more temporary inertial 

power in to the grid for a short period and the 

electromagnetic torque for PMSM-FRPC based 

WTG changes from 0.754 pu to 0.96pu and for IG-

FRPC, DFIG based WTGs changes from 0.75 Pu to 

0.92pu respectively. 

4.2. Dynamic response of two area system with 

different wind farm penetration level 
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 4.2.1. Dynamic Grid Frequency Response 

Characteristics 

With fast depletion of conventional energy 

resources, most of the nation’s aim to include 

renewable energy sources (RES) in the grid. The 

growth extant of inclusion is progressing towards 

more than 50% of the RES’s in to the grid. Hence 

cognizant of above scenario in this work, the wind 

penetration levels has been chosen as 10,20,30,40 

and up to 50% as shown in Figure 21.At 50% 

penetration level, extensive decrease in frequency 

nadir is due to significant rise in wind power 

penetration. With nadir time remaining in close 

range, extensive decrease in frequency nadir can be 

observed. With the inertial support of wind farms at 

50% penetration the maximum improvement in 

frequency nadir can be seen from -0.53Hz to -

0.36Hz.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 21. Grid frequency response with different penetration 

level  

 

Table 8. Comparisons of ROCOF and Frequency nadir for 

different inertia control methods 

 

Descripti

on 
ROCOF  

Frequency 

nadir(Hz) 

Time to 

min(sec) 

Penetrati

on 

Level(%) 

30 50 30 50 30 50 

MPPT 

control 
0.265 0.265 49.47 49.47 2 2 

Conventi

onal 
Control 

0.24 0.224 49.52 49.55 2 2 

VIC 0.21 0.18 49.58 49.64 1.7 1.62 

 

4.2.2. Inertial Response Characteristics  

The comparative change in power output of 

wind farm with 30% penetration level and 

conventional generating units G1, G2, G3 and G4 

during sudden increase/decrease in load are presented 

in Figure 22. It is observed that conventional 

generation unit power output at steady state is 

0.028pu for sudden load increase. The comparative 

maximum change in power output of conventional 

synchronous generating units G1, G2, G3 and G4 and 

wind farm during sudden increase in load are 

summarized in Table 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22.  The change in power output With 30% wind 

farm penetration level  

Table 9.Comparisons of inertial response from various 

generators 

Generat

or Type 

  Maximum Change in    

Power (pu) 

Time to Max 

(sec) 

Wind 

penetrat

ion 

Level 

0 30 50 0 30 50 

G1 0.036 0.0269 0.022 3.9 3.3 3.3 

G2 0.090 0.0693 0.059 3.2 2.9 2.9 

G3 0.010 0.0089 0.008 6.3 6.6 6.6 

G4 0.027 0.0224 0.020 5.7 6.6 6.6 

Wind 

Farm 
0 0.03 0.043 0 1.8 1.7 

 

 

4.3. Dynamic Grid Frequency and Inertial 

Response Characteristics 

Most of the WTs are operated during tropical 

wind speed conditions, the wind speeds are chosen as 

8m/s, 10m/s and 12m/s for the system under study. 

The comparative change in power output of wind 
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farm and dynamic grid frequency response for 

different wind speed conditions are presented in 

Figure 23 and its summary is given in Table 10. It is 

seen that high wind speed can increase frequency 

nadir and reduce the ROCOF and provide more 

primary frequency support from the wind farm 

during load disturbance in the grid 

 

Fig 23.  The dynamic response of the change in power 

output with different wind speed. 

 

Fig 24  The dynamic response of the grid frequency with 

different wind speed. 

Table 10. Comparisons Inertial response and Frequency 

Nadir for different wind speed 

Wind 

speed 

(m/s) 

Maximum 

Change in 

Wind farm  

Power Output 

(pu) 

Time 

to 

Max 

(sec) 

Frequency 

nadir 

Time 

to Min 

(sec) 

8  0.02009 1.37 49.56 1.95 

10  0.02674 1.37 49.59 1.95 

12  0.03139 1.37 49.61 1.95 

 5. Conclusions 

This paper dealt with Inertial Response Analysis 

of Wind Energy Conversion Systems with Virtual 

Inertia Control for enhancing primary frequency 

response of the Grid. The WTG models have been 

derived. Simplified model of DFIG and PMSM-

FRPC, IG-FRPC WTGs and the corresponding 

MATLAB/SIMULINK model for 2MW WTG has 

been developed. Frequency sensitive based Virtual 

Inertia Controller has been designed to provide 

inertial response. Simulation of aggregated model of 

wind farm on the two area power system 

incorporating three control strategies has been carried 

out resulting in the dynamic response characteristic 

with 30% penetration level of Wind Farm and inertial 

and grid frequency response characteristics for 

various penetration levels and wind speeds 

respectively.  

It can be concluded that, that a smooth recovery 

of rotor speed to optimal value has been obtained. 

With Virtual Inertia Control, reduced rate of change 

of frequency (ROCOF)and improved frequency nadir 

are achieved for effective grid support. It has been 

noted that the dynamic frequency response of 

PMSM-FRPC WTG is nearly same as that of DFIG 

based WTG.  However, PMSG WTG is capable of 

providing stronger inertial response over DFIG 

WTG.    
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