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 • Process dynamic in electric utility system cover a  very wide 
spectrum of phenomena and a wide range of disciplines.
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• The dimensions and complexity of power system dynamics can 
well be appreciated when one realize that there are hundreds of 
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Block Diagram of a Synchronous generator control system
Source: P.M. Anderson “Power System and control
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 • There are hundreds of interacting elements such ad generator 
with their controls, energy supply system and controls, and that 
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 • Because of the interconnection of various elements a 
large variety of dynamic interactions are possible
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 • Dynamic processes have effect over different time-
scales

gh
t ©

 2
01

3.
 h

ttp
:w

w
w

.fscales.
– The fastest: Associated with the transfer of energy between 

the rotating masses in the generators and the loads (ms

s n 
of

 th
e 

au
th

or
. C

op
yr

igthe rotating masses in the generators and the loads. (ms-
seconds)
Slower: D e to oltage and freq enc control actions needed

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

o– Slower: Due to voltage and frequency control actions needed 
to maintain system operating conditions. (seconds - minutes)
V l C di t th i hi h th ti

of
 C

yp
ru

s 
| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 f– Very slow: Corresponding to the way in which the generation 

is adjusted to meet the slow daily demand variations. (seconds 
h )

3 
 | 

U
ni

ve
rs

ity
 

at
io

n 
m

ay
 b

e 
re

pr
od

uc
e- hours) 

| 1
7 

A
pr

il 
20

1

 N
o 

pa
rt 

of
 th

is
 p

ub
lic

a

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

7

A
ll 

rig
ht

s 
re

se
rv

ed
.

fg
lo

ng
at

t.o
rg

 • Wave (s - ms)
• Electromagnetic (ms - 1s)
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 • Dynamic process in electrical power system can be 
characterized by various areas of consideration and their
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characteristic time scales or frequency bands.
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 • In general way, the transients in electrical power systems 
are classified according to three possible timeframes:
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 • Stability is a problem of balance
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 • Power system stability may be broadly defined as that
property of a power system that enables it to remain
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[1] P. Kundur, Power System Stability and Control. New York: McGraw- Hill, 1994.
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 • IEEE-CIGRE classification (IEEE/CIGRE Joint Task Force on 
Stability Terms and Definitions, “Definition and Classification of 
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Power System Stability”, IEEE Trans. Power Systems and CIGRE 
Technical Brochure 231, 2003):
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 • “Frequency stability refers to the ability of a power system to 
maintain steady frequency following a severe system upset 
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resulting in a significant imbalance between generation and 
load.”
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 • Gradually declining in many locations around the world – but 
not due to wind power!!!
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Evening Frequency Average Profile –Winters 2003 to 2008 (November to March – Monday to Friday)

s n 
of

 th
e 

au
th

or
. C

op
yr

ig

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

o

of
 C

yp
ru

s 
| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 f

UCTE, "UCTE ad-hoc group "frequency quality investigation, excerpt of the final report," Union for the Co-ordination of Transmission of Electricity, Tech. Rep., 2008, pp. 1-4. [Online]. Available 
http://entsoe.eu/_library/publications/ce/otherreports/090330_UCTE_FrequencyInvestigationReport_Abstract.pdf
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• Systems operated closer to their limits 
• Decreased damping of oscillations 
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• Looking forward – e.g. UK - nuclear units increasing - 1300 to 1800 MW 
(*) P. W. Christensen. “Wind Power Plants and future Power System Frequency Stability”. Event on Future Power System Operation, Lund University, Sweden, June 12, 
2012  
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 • Example - Europe (frequency erosion)
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Average frequency values in Continental Europe, June 2003 and June 2010 
S S i id
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A continuous increase of gradient values df/dt and its occurrence. 
Values greater than 1.5 mHz/s are more and more present!!! 
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 • A remarkable increase of the ensemble-averaged 
magnitude of the frequency deviations during the winter
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.fmagnitude of the frequency deviations during the winter 
months 2008/09.

Ensemble-averaged daily frequency curves for December 
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Source: Tobias Weißbach and Ernst Welfonder. “High Frequency Deviations within the European Power System – Origins and Proposals for Improvement”
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 75 mHz Criterion Summary - Short View - Year 2001-2011 
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It can clearly be observed how the 
accumulated time continuously increases 
with higher frequency deviations as well as
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Frequency quality behaviour in Continental Europe during the last ten 
years. Source: Swissgrid
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Current operational frequency behaviour almost similar every day
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Source: Tobias Weißbach and Ernst Welfonder. “High Frequency 
Deviations within the European Power System – Origins and Proposals for 
Improvement”
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(*) P. W. Christensen. “Wind Power Plants and future Power System Frequency Stability”. Event on Future Power System Operation, Lund University, Sweden, June 12, 
2012  
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individual generator is used to define the energy stored
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 • If the balance between generation and demand is
not reached the system frequency will change at a
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rate initially determinate by the total system inertia (H).
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• Inertia is the stored rotating energy in 
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07/03/2011 17:10:00 GMT

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

32

Al
l r

ig
ht

s 
re

se
rv

ed
.

http://www.nationalgrid.com/uk/Electricity/Data/Realtime/Frequency/Freq60.htm

National Grid has a license obligation to control frequency within the limits specified in the 'Electricity 
Supply Regulations', i.e. ±1% of nominal system frequency (50.00Hz) save in abnormal or exceptional 
circumstances.
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 INERTIAL RESPONSE: The speed of the  
synchronous generators also reduces and some 
of the kinetic energy stored in the rotating massFrequency Control Phases
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is released as electrical energy. This is a fast 
response and proportional to the rate of change 
of frequency.
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 GOVERNOR ACTION: The automatic droop control 
loop of the governor acts on the change in frequency 

d th l t i th t bi ’Frequency Control Phases
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.fand opens the governor valve to increase the turbine’s 
output.
This is a slower response and depends on the dead band 
of the governor and time lag of the prime mover

Frequency Control Phases
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gh
t ©

 2
01

3.
 h

ttp
:w

w
w

.fenable inertial responses on a WTG: Artificial, 
Emulated, Simulated, or Synthetic Inertial. 
E l f h i i i ll d i ll

s n 
of

 th
e 

au
th

or
. C

op
yr

ig• Examples of synthetic inertia controlled commercially 
available for WTG are: General Electric 

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

o

WindINERTIA™, ENERCON Inertia Emulation.

of
 C

yp
ru

s 
| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 f

3 
 | 

U
ni

ve
rs

ity
 

at
io

n 
m

ay
 b

e 
re

pr
od

uc
e

| 1
7 

A
pr

il 
20

1

 N
o 

pa
rt 

of
 th

is
 p

ub
lic

a

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

52

Al
l r

ig
ht

s 
re

se
rv

ed
.

fg
lo

ng
at

t.o
rg

 
gh

t ©
 2

01
3.

 h
ttp

:w
w

w
.f

s n 
of

 th
e 

au
th

or
. C

op
yr

ig

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

o

of
 C

yp
ru

s 
| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 f

3 
 | 

U
ni

ve
rs

ity
 

at
io

n 
m

ay
 b

e 
re

pr
od

uc
e

| 1
7 

A
pr

il 
20

1

 N
o 

pa
rt 

of
 th

is
 p

ub
lic

a

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

53

A
ll 

rig
ht

s 
re

se
rv

ed
.

fg
lo

ng
at

t.o
rg

 

Increasing wind power Penetration
Wind turbines provide small or even no response to

gh
t ©

 2
01

3.
 h

ttp
:w

w
w

.fWind turbines provide small or even no response to 
frequency changes

s n 
of

 th
e 

au
th

or
. C

op
yr

ig

3-level frequency control A. Wind Turbine
B Wi d F L l

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

o

3

B. Wind Farm Level
C. Power System Level

of
 C

yp
ru

s 
| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 f

1. Primary Control: <30s, automatic, local
2 Secondary Control: 30s~30min artificially or by AGC global

1 3
2

3 
 | 

U
ni

ve
rs

ity
 

at
io

n 
m

ay
 b

e 
re

pr
od

uc
e2. Secondary Control:  30s 30min, artificially or by AGC, global

3. Tertiary Control: economic dispatch

Maintain 3 frequency indices

| 1
7 

A
pr

il 
20

1

 N
o 

pa
rt 

of
 th

is
 p

ub
lic

a

3

1. ROCOF
2. Transient Frequency Nadir
3. Steady state Frequency 
de iator

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

54

A
ll 

rig
ht

s 
re

se
rv

ed
.

2
1

deviator



fg
lo

ng
at

t.o
rg

 

R d i d t ti d i l t l d

gh
t ©

 2
01

3.
 h

ttp
:w

w
w

.f• Reduce wind penetration during low system load 
• Modify reserve policy 

s n 
of

 th
e 

au
th

or
. C

op
yr

ig

y p y
• More static reserve at times of high wind and low 

system inertia

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

osystem inertia 

of
 C

yp
ru

s 
| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 f

M dif i ti t h l

3 
 | 

U
ni

ve
rs

ity
 

at
io

n 
m

ay
 b

e 
re

pr
od

uc
e• Modify existing technology 

• Inclusion of supplementary control loop in the Wind 

| 1
7 

A
pr

il 
20

1

 N
o 

pa
rt 

of
 th

is
 p

ub
lic

a

pp y p
Turbine Generators.

Controllers to Provided Frequency Response!!!

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

55

Al
l r

ig
ht

s 
re

se
rv

ed
.q y p

fg
lo

ng
at

t.o
rg

 Maintain 3 frequency indices

gh
t ©

 2
01

3.
 h

ttp
:w

w
w

.f

s n 
of

 th
e 

au
th

or
. C

op
yr

ig

3

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

o

of
 C

yp
ru

s 
| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 f

1. ROCOF
2 T i F N di

3 
 | 

U
ni

ve
rs

ity
 

at
io

n 
m

ay
 b

e 
re

pr
od

uc
e2. Transient Frequency Nadir

3. Steady state Frequency 
d i t1

2

| 1
7 

A
pr

il 
20

1

 N
o 

pa
rt 

of
 th

is
 p

ub
lic

adeviator1

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

56

Al
l r

ig
ht

s 
re

se
rv

ed
.

fg
lo

ng
at

t.o
rg

 3-level frequency control

gh
t ©

 2
01

3.
 h

ttp
:w

w
w

.f

s n 
of

 th
e 

au
th

or
. C

op
yr

ig

3

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

o

2

of
 C

yp
ru

s 
| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 f

1. Primary Control: <30s, automatic, LOCAL

1
2

3 
 | 

U
ni

ve
rs

ity
 

at
io

n 
m

ay
 b

e 
re

pr
od

uc
e1. Primary Control: 30s, automatic, LOCAL

2. Secondary Control:  30s~30min, artificially or by AGC, GLOBAL
3. Tertiary Control: economic dispatch, GLOBAL

| 1
7 

A
pr

il 
20

1

 N
o 

pa
rt 

of
 th

is
 p

ub
lic

a

A. Wind TurbineA. Wind Turbine
B. Wind Farm LevelControl Layers

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

57

A
ll 

rig
ht

s 
re

se
rv

ed
.

C. Power System Level
B. Wind Farm Level
C. Power System Level

Control Layers

fg
lo

ng
at

t.o
rg

 

turb set

gh
t ©

 2
01

3.
 h

ttp
:w

w
w

.f

meas A. Wind Turbine

s n 
of

 th
e 

au
th

or
. C

op
yr

igP

b

cmmP

1
MPTP 2

MPTP 3
MPTP

1/ N
maxP

0




*
WFP

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

oturb

*
,1uP *

,2uP *
,3uP

,1aP ,2aP ,3aP0

B. Wind 
of

 C
yp

ru
s 

| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 f

,1uP ,2uP ,3uP

Farm LevelFarm Level

3 
 | 

U
ni

ve
rs

ity
 

at
io

n 
m

ay
 b

e 
re

pr
od

uc
e

WFP PCC

P
f C Power SystemC Power System

| 1
7 

A
pr

il 
20

1

 N
o 

pa
rt 

of
 th

is
 p

ub
lic

a

sysf

f

1cK
1cP

2cP

ciP

2cK

ciK

inP

WFP

P

refP





iK
s

1

iR


iB

,ref iP

 Level

C. Power System 
Level

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

58

A
ll 

rig
ht

s 
re

se
rv

ed
.

cnPcnK

s




fg
lo

ng
at

t.o
rg

 • WT Technologies Double-fed 
induction 
generator
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 • Wind turbines provide small or no response to 
frequency changes

gh
t ©

 2
01

3.
 h

ttp
:w

w
w

.ffrequency changes
• DFIG(doubly fed induction generator): the rotor is 

d h id h h AC/DC/AC

s n 
of

 th
e 

au
th

or
. C

op
yr

igconnected to the grid through an AC/DC/AC converter 
which decouples the rotor from the frequency.

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

o

Double-fed 
induction

of
 C

yp
ru

s 
| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 f

GridIs
U

induction 
generator

3 
 | 

U
ni

ve
rs

ity
 

at
io

n 
m

ay
 b

e 
re

pr
od

uc
eUs

| 1
7 

A
pr

il 
20

1

 N
o 

pa
rt 

of
 th

is
 p

ub
lic

a

Gearbox DC 
linkUr

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

60

Al
l r

ig
ht

s 
re

se
rv

ed
.

ac/dc dc/acIr Ic

fg
lo

ng
at

t.o
rg

 • Wind turbines provide small or no response to 
frequency changes
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 • Wind turbines provide small or no response to 
frequency changes
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 • Traditional wind turbines store no power reserves.
• They always operate at the maximum power point
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1. Inertial Control
a. Hidden Inertia 
Emulation
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– For variable speed wind turbines. 
– To reduce the maximum frequency 
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• Comparison with fixed speed wind 
turbines and conventional generators: 

– Releasing considerably larger kinetic 
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– Responding faster because of the PWM 

technology 

ic
os

ia
, C

yp
ru

s

fo
rm

 w
ith

ou
t p

er
m

is
si

o

d 2 sys
i

d
P H




of
 C

yp
ru

s 
| N

ed
 o

r d
is

tri
bu

te
d 

in
 a

ny
 fd

dtsys 2in sysP H
dt





 21 smJH 

3 
 | 

U
ni

ve
rs

ity
 

at
io

n 
m

ay
 b

e 
re

pr
od

uc
e

P
,r ref r MPPTPP 2

sm

base

H
S



refP

| 1
7 

A
pr

il 
20

1

 N
o 

pa
rt 

of
 th

is
 p

ub
lic

a

measP

r meas
 r

Francisco M. Gonzalez-Longatt, PhD www.fglongatt.org.

S
em

in
ar

 

65

A
ll 

rig
ht

s 
re

se
rv

ed
.,r meas

G. Ramtharan, J. B. Ekanayake, and N. Jenkins, "Frequency support from doubly fed induction generator wind turbines," lET Renew. Power Gener., vol. I, pp. 3-9,2007.
J. Ekanayake, and N. Jenkins, "Comparison of the response of doubly fed and fixed-speed induction generator wind turbines to changes in network frequency," IEEE Trans. Energy Convers., vol. 19, no. 4, pp.800--802, Dec. 2004.
J. Morren, S W. H. de Haan, W. L. Kling, and J. A. Ferreira, "Wind turbines emulating inertia and supporting primary frequency control,“ IEEE Trans. Power Syst., vol. 21, no. I, pp. 433-434, Feb. 2006.

fg
lo

ng
at

t.o
rg

 

Si il f i “hidd ” i i l i

gh
t ©

 2
01

3.
 h

ttp
:w

w
w

.f• Similar functions to “hidden” inertia emulation 
– To compensate the power loss for a short period and save time for other slower 
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• Functions:
– For variable speed wind turbines.

gh
t ©

 2
01

3.
 h

ttp
:w

w
w

.f

– To increase the transient frequency nadir.
– The droop controller should be ended on time to avoid the stalling or
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• Deloading definition: 
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• Functions:
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– For both fixed and variable speed wind turbines.
– Providing power reserves
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– Providing power reserves.

Faster than the pitch control due to the PWM technology
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Wind turbine deloading
control
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ESS technologies:
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• Aggregated ESS: battery, compressed-air, pumped hydro.
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