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 Generation =  Load 
at all times 
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Uncertainties  
- Load (conventional) 
- Load & RG (modern) 
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Ranks Country 
GDP 

Ranks 
Capacity 

Wind 
Generation 

Ranks Country 
GDP 

Ranks 
Capacity 

Wind 
Generation 

1  
USA 

1 1,025 8  
France 

5 119 

2  
China 

2 878 9  
Brazil 

7 106 

3 
Japan 

3 285 10 
Italy 

9 101 

4  
Russia 

8 225 11 
Spain 

13 96 

5  
India 

11 189 12 
UK 

6 88 

6 
Germany 

4 147 13 
Korea 

15 81 

7 
Canada 

10 132 14 
Mexico 

14 59 

World ranks of installed capacity & wind generation (GW) 

Source: CIA the world Factbook 2012, USA 
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Ranks Country 
GDP 

Ranks 
Consumption WEP(%) Ranks Country 

GDP 
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Consumption WEP(%) 

1  
China 

2 4,693 6 
Germany 

4 510 

2  
USA 

1 3,889 7  
Canada 

10 505 

3 
Japan 

3 860 8 
Korea 

15 455 

4  
Russia 

8 808 9 
France 

5 451 

5  
India 

11 638 10 
Brazil 

7 438 

World ranks of electricity consumption (TWh) & wind energy penetration 

Source: CIA the world Factbook 2012, USA 
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Import Supply 
[Primary energy] 

Conversion 
loss 

Consumption 
[Final energy] 

Middle East (87.1%) 
 

- Saudi Arabia (31.4%) 
- UAE (9.4%) 
- Kuwait (12.7%) 
 

Asia (11.7%) 
 
Africa (0.3%) 

Domestic       3.6% 

Petroleum 

Nuclear 

Hydro & 
Renewable 

38.2% 

LNG 

Heat 
energy 

Electrical 
energy 

Industry 
61.7% 

Residential: 
10.5% 

Commercial: 
7.7% 

Transportation 
17.9% 

Public 2.2% 

Industry 
53.2% 

Residential 
13.5% 

Commercial 
26.8% 

Transpo
rtation 

0.5% 

Public 
6.0% 

Naphtha etc. 
Industrial materials 

22.1% 

Energy dependence on 
overseas: 96.4% (180B$) 

205.9 M toe 
(74.7%) 

275.7 M toe 
(100%) 

69.8 M toe 
(25.3%) 

Crude oil 

Australia · China · 
Indonesia 

Qatar · Oman · 
Indonesia 

Russia · Canada 

China · Australia · 
Vietnam  

8.8 M ton 

907.4 ton U 

Uranium 

116.1 M ton 

36.7 M ton 

927.0 M bbl 

3.0 M b/d 

18.3 M ton 

1,701.8 K toe 

4,968.9 Twh 

Electrical energy 

11.7% 

Oil 
refinement 

3.0% 

Soft coal 27.8% 

LNG 16.8% 

Anthracite 
2.5% 

Source: 

MKE, Korea 

Electrical energy: main cause of conversion loss 
- 60B$: 33% of imported primary energy price 
- 100 Mtoe: 36% of total primary energy 
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Nuclear 

Soft coal 

LNG 

Petroleum 

Anthracite 

Hydro 

Renewables 

31.1% 

39.6% 

20.5% 

5.0% 

0.7% 

1.6% 

1.5% 

Every Korean 
Income: 60$/day 
Energy: 10$/day 
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Source: MKE, energy statistics 2012 

2010 → 2011 
• Imported primary energy: 3%  
• Price: 50%  (120B$ → 180B$) 

Average oil price for the last 5 years:  
4+ times than before 20C 

Price of imported primary energy 
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Introduction of Renewable Portfolio Standard (RPS) 
 

 

 

2020 Targets for RE and WE of Korea 
In 2010: RE (5.9TWh, 1.3% of EE), WE (13% of RE) 

By 2020: 
RE (54TWh): 8.6% of EE (631TWh) 

WE (22TWh): 40% of RE, 3.4% of EE 

10GW of WG 
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Wind

Source: The 6th basic plan of electricity supply, 
MKE, Korea 



Frequency control 

Recovers the reduced frequency to the nominal value when 
a disturbance occurs  

    Frequency nadir 
• Criteria for the system reliability  
• Under Frequency Load Shedding: 

sheds 6% of load in every 0.2 Hz 
from 59.0 Hz 

• Disconnection of SGs  
(from 58.5~57.5Hz) 

Time frame Features 

Inertial response 2–3 sec. 
Naturally releasing the kinetic energy, 
Uncontrollable  

Governor response 
(Primary response) 

10–60 sec. Droop control using the spinning reserve 

AGC response 
(Secondary response) 

1–10 min. Re-dispatching from the SO 
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Configuration of variable speed WG 

 

 

 

 
Maximum power point tracking (MPPT) operation 

Keeps the rotor speed to the optimum value 

 
 

 

 
 only depending on the wind condition 

Doubly fed induction generator (DFIG) Fully-rated converter WG (FRC) 
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+ ΔPin 

Conventional inertial control 1 

Inertial control using the rate of change of frequency (ROCOF) 

Pref  = P0  

dt

df
fKPP

sys

syssysem 

• Advantage:  

– Increase of the system inertia and the frequency nadir 

• Disadvantages:  

– Reduction of the additional power as the ROCOF 
decreases 

– Negative contribution after the frequency rebound 
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J. B. Ekanayake, L. Holdsworth, and N. Jenkins, “Control of doubly fed induction generator 

(DFIG) wind turbine,” IEE, Power Eng., vol. 17, no. 1, pp. 28–32, Feb. 2003. 

 



Conventional inertial control 2 

Inertial control using ROCOF & Droop 

dt

df
fKP

sys

sysin 

• Advantage:  

– More increase of the frequency nadir 

• Disadvantage:  

– Gradual reduction of the additional power 

– Slower recovery than MPPT after frequency rebound 
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Wake effect 

Reduced average wind speed after the wind passing through the 
upstream WGs 

Wake effect  different wind and rotor speed   
different kinetic energy stored in each WG 

Inertial control to release more kinetic energy depending 
on the kinetic energy  

 
Active power and inertial controller of a WG 

Rotor side 
converter 
controller

nomf

MPPTP

inP

P+

-

refPsysf K
dt

d

R

1


Rate

limiter
limiter+

+

PMPPT/Pref: references for MPPT/Active power control 
Pin/P: ROCOF/Frequency deviation loops references 
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Assignment of control gain 
Droop (Ri) 

Control gain of the frequency deviation loop for inertial control 

Droop assignment considering the kinetic energy 

Assigning smaller droop to the WG operating at a higher rotor speed  

nomf

MPPTP

inP

iP+

-

+

+

-

refP
sysf K

dt

d

iR

1


f

Ei: Kinetic energy to be released from WGi 
Emax: Kinetic energy to be released from the WG operating in maximum rotor speed 
R0: Reference droop determined to the WG operating in maximum rotor speed 
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154/33 kV

345/154 kV

345/
13.8 kV

26.4/
345 kV

PCC

Static load
500 MW

164 MVAr

SG1, SG2
200 MVA

SG3, SG4
150 MVA

Wind Power Plant
20 DFIGs
100 MW

Wind direction 0º

90º

▪ Total generation 
800 MVA 

▪ Load consumption 
500 MW 

▪ WPP/WG 
 Rated power: 100 MVA 
 5 MW DFIG  20 
 Rated speed: 11 m/s 

▪ Steam turbine SG 
 IEEEG1 model (5% droop) 
 150 MVA  2  
 200 MVA  2 

SG4 tripping 
Output: 50MW 

(10% of the load) 

Wind 
penetration 

20% 

▪ 5 MW DFIG Power curve ▪ N. O. Jenson’s wake model 
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Model system 



SG tripping at 40 s: 50 MW (10% of total consumption) 

Studied cases 

 
 

 
 

Control algorithms in the case 

Algorithm Features 

Proposed Assigning the rotor speed-based droop (Ri) 

Conventional Applying the same R to all WGs (R=avg(Ri)) 

Only SGs A 100 MW SG instead of the WPP 

No inertial Operating in MPPT control mode 

Wind speed 
(m/s) 

Wind direction 
(deg.) 

1 9 0 

2 11 90 

Input wind speed of WGs  

for each case (m/s) 
Case 1 Case 2 

9.0 8.3 7.5 6.6 7.4 7.4 7.4 7.4 

9.0 8.3 7.5 6.6 8.6 8.6 8.6 8.6 

9.0 8.3 7.5 6.6 9.6 9.6 9.6 9.6 

9.0 8.3 7.5 6.6 10.3 10.3 10.3 10.3 

9.0 8.3 7.5 6.6 11.0 11.0 11.0 11.0 
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System frequency (Prop./Conv./SGs/No inertial) Active power of a WPP (Prop./Conv./SGs/No inertial) 

Rotor speed of 1st, 2nd WGs (Prop./Conv.) Rotor speed of 3rd, 4th WGs (Prop./Conv.) 

▪ Frequency nadir 
   Proposed: 59.41Hz 

Conventional: 59.34Hz 
SGs: 59.25Hz 

MPPT: 59.17Hz 

▪ Assigned Ri  
1st, 2nd column: 3.9%, 5.6% 
3rd, 4th column: 9.1%, 30.3% 

▪ Average R  
Conventional algorithm: 12.2% 

▪ NBFR 
 Proposed: 8.47MW/0.1Hz 

Conventional: 7.58MW/0.1Hz 
Only SGs: 6.67MW/0.1Hz 

No inertial: 6.02MW/0.1Hz 

Case 1: wind speed 9 m/s, wind direction 0 
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 NBFR (Nadir-based Frequency Response)=Capacity of tripped SG/Maximum frequency deviation 22 
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System frequency (Prop./Conv./SGs/No inertial) Active power of a WPP (Prop./Conv./SGs/No inertial) 

Rotor speed of 5th, 4th, 3rd WGs (Prop./Conv.) Rotor speed of 2nd, 1st WGs (Prop./Conv.) 

▪ Frequency nadir 
   Proposed: 59.52Hz 

Conventional: 59.49Hz 
SGs: 59.25Hz 

MPPT: 59.17Hz 

Case 2: wind speed 11 m/s, wind direction 90 

▪ Assigned Ri  
5th, 4th, 3rd row: 2.0%, 2.4%, 3.1% 

2nd, 1st row: 4.6%, 10.4% 
▪ Average R  

Conventional algorithm: 4.5% 

▪ NBFR 
 Proposed: 10.42MW/0.1Hz 

Conventional: 9.80MW/0.1Hz 
Only SGs: 6.67MW/0.1Hz 

No inertial: 6.02MW/0.1Hz 
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Inertial control of a WPP releasing more kinetic energy 
stored for WGs with a higher wind speed 

Assigns the droop gain depending on the rotor speed 

Smaller/larger droop for the WG with larger/smaller rotor speed 

 

Inertial control of a WPP can give more contribution than 
SGs by controlling the kinetic energy stored in the WGs 

 

WG of 5 MW has similar kinetic energy to a SG of 100 
MW 

 

A power system with high wind penetration has larger 
system inertia in terms of frequency stability 
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Wind energy Grid-Adaptive Technologies 
 

Email: yckang@jbnu.ac.kr 


