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grid stability
renewable energy and their turbulent
dynamics

PV and Wind energy are renewable energies -

fabrication sustainable?

Three reasons for these renewable energies:
- Cost - cheapest way to get electric power
- environmental - no CO2

- resources - no fossil energy
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2 1 28 were generated by wind in Europe on

2018-01-03, covering 22.7% of EU's

G W h electricity demand

e France 14.6% wind
e Germany 60.1% wind
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transition of the grid
to renewable energies

Research Alliance S{/ F (0] rWi n th eeeee

WindEneravl Centerfor Wind Enerqy Research VI amover



transition of the grid
concept for grid development
few big power stations provide about 100GW

top down structure
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transition of the grid

actual many small
renewable units feed

Danemark power in at low

» Schweden
L

voltage level

{sterreich
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transition of the grid

Standorte von Windenergieanlagen 1998 und 2010

1998

Hamblrg

Verteilung der Windenergieanlagen
1 Windenergieanlage

Datenbasis: Laufende Raumbeobachtung des BBSR, Betreiber-Datenbasis

£

(a5
v

Hamburg

Hinweis: Bislang liegen flachendeckend nur Angaben zur Anlagenzahl je
Gemeinde vor. Diese aggregierten Werte wurden mit der Punktdichte-Methode
nach dem Zufallsprinzip Uber das Gemeindegebiet verteilt. Der in der Karte

verzeichnete Punkt stellt daher nicht den exakten Anlagenstandort dar.

Geometrische Grundlage: BKG, Gemeinden, 31.12.2009

7
© BBSR Bonn 2011
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transition of the grid

Stability of the grid

different aspects - sometimes called the intermittency problem of renewable energies

voltage stability <> frequency stability <—> rotor angle stability
constant voltages constant system frequency machines remain

(+/- 10%) (tolerance O(10-1 Hz) synchronized

- power balance - short time fluctuation - state of each node
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transition of the grid

Stability of the grid

different aspects

voltage stability <> frequency stability <—> rotor angle stability
constant voltages constant system frequency machines remain
(+/- 10%) (tolerance O(10-1 Hz) synchronized
- power balance - short time fluctuation - state of each node
Power
* Primary Secondary Tertiary Generation
Control Control Control Rescheduling
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30s 15 min 60 min

» Time
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Wind Power Forecasting

important issue for power balance
production — consumption
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weather forecast used to predict expected wind power

Schwede
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EWE 20040702,00UTC +30h (20040703,06UTC) TOTAL=4980MW
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weather forecast used to predict expected wind power

60000

mLast

50000

40000

30000

Power (MW)

20000

ISET

10000 4

__conventional generation partly zero

24 48 72 9% 120 144

0

0

= few conventional power plants
=> power control (frequency, voltage) required by wind power

EWE 20040702,00UTC +30h (20040703,06UTC) TOTAL=4980MW
400

350

300

used to
plan to power
. production of

Latitud:

Longitude | power [MW] Ot h e r u n its
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wind and power forecast
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Probabilistic Wind Power Forecasting

« Weather forecast is initial value problem

« Model physics is not perfect Ensemble

Forecasting

* Weather forecast show inherent uncertainty

* Need to quantify forecast uncertainty

Variationen der
» Anfangsbedingungen
» Modellphysik

COSMO-DE-EPS
2.8km

pdf of Wind speed

Initial condition forecast horizon prediction
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Probabilistic wind power forecasts (2)

© 1 raw w | calibrated
obs obs
g E‘ ® 10% int.
® 20% int.
£ =g £ =g ® 30%int.
3 8 ® 40% int.
8 o ® 50% int.
Q % ® 60% int.
ey 5 70% int.
k= o - c 80% int.
; g Lo 90% int.
= Nedian
Obs
o - o -
0 24 48 72 9 120 0 24 48 72 95 120
Lead time [h] Lead time [h]

Raw forecasts have too little spread

Pre-processing (calibration) of ensemble forecasts and their
combination

Various calibration techniques are available for wind/power
forecasts
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wind (Solar) power forecasting

Stability of the grid:

on time scales of hours and more quite well know system, manageable

voltage stability <> frequency stability <—> rotor angle stability
constant voltages constant system frequency machines remain
(+/- 10%) (tolerance O(10-1 Hz) synchronized
- power balance - short time fluctuation - state of each node
Power
* Primary Secondary Tertiary Generation
Control Control Control Rescheduling
30 15 min 60 min > Time
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handling high frequency

short time power fluctuations

( N
Power
t Primary Secondary Tertiary Generation
Control Control Control Rescheduling
\ > Time
30s J 15 min 60 min
\
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handling high frequency

Rotierende Primar- Sekundir-
Massen regelung regelung

short time grid frequency

stabilisation by rotating mass
of synchronous generators —
grid frequency changes in the

range of mHz
www.netzfreguenzmessung.de
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Measurement of the utility frequency
- trend of the frequency -

50.06
original
. kernel-smoothed
50.1 50.03 |
50.10 ~
= 50
S
50.05 * - —— g =
e A e ~, 5 49.97 |
P Y v | A g w
50.00" T g =
£ 49.94 = 0
49.95 =
49.91 + -0.02
49.90 0 1000 2000 3000
' time [s]
i 49.88 1 1 1 1 1 1 1
49 gl Www.mainsfrequency.com 0 500 1000 1500 2000 2500 3000 3500
30 60 90 120 150 180 210 240 270 30¢ time [s]
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handling high frequency
- what is the nature of the fluctuations - solar and wind

typical resource 1kW / m”2 (solar - nice sunny sky; wind - 12m/s)
electric power = resource X efficiency ( solar 0.2 ; Wind 0.5)

~ ~~
area ‘kﬂ%&m%’b

SMW wind turbine

latest prototype

12MW (GE February 2018)
blade 107m

© ForWind
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dynamics of wind power

1
Pwr = 5%()‘) P Upying A

time = 1 sec

0.8 1.0

0.6

power output P / P,
0.4

0.2

=X 5 10 15
wind speed u [m/s]
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dynamics of wind power

time = 1 sec

1.0

0.8

0.6

power output P / P,
0.4

0.2

S0 5 10 15
wind speed u [m/s]

http://phys.org/news/2013-04-turbines-great-turbulence-consequences-grid.html
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dynamics of wind power

1
Py = 5%()‘) P ui}ind - A

time = 1 sec

1.0

0.8

0.6

power output P/ P,
0.4

0.2

15

1
wind speed u [m/s]

http://phys.org/news/2013-04-turbines-great-turbulence-consequences-grid.html
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data analysis (here wind data are used)

e
E i i
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wind measurements and data analysis
¥ common characterization

wind speed u [m/s]

4 6 8 10

14

i | i\
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« 10 min mean values
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wind measurements and data analysis
W common characterization * 10 min mean value
* turbulence intensity

14

: Vo i .Mm thi
“ ”” 1|,.u “,“k,#”‘ﬂ l.’J : ”r"wm - i ].

1b 20 30 4'0 5io 60
time [min]

wind speed u [m/s]
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wind measurements and data analysis
¥ common characterization

=l o
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wind data analysis

¥ wind fluctuations can be
measured by velocity increments

ur = u(t +7) — u(t)

A
(qV]
) U
é T
L 2o :
| p(uq) [a.u.] o '
c 1
0.6} . = '
.C 1
_ . . e .
l. g 1
0.4} . | 2 N
| ;. - = o :
u n 1 T
- P - 50 100 150 200 250 300
0.0 / | \ Zeit [s]
=10 -5 0 5 10
u, / O,

.

P ° ~_
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wind data analysis
W wind fluctuations can be

measured by velocity increments | A
(9]
ur = u(t +7) — u(t) z Ur
To. ,
= '
2 :
= ]
0.8 S S - :
- Q 1
- P(uq) [a.u] g :
2 :
0.6} | '
© T
P
0.4} . | 50 100 150 200 250 300
Zeit [s]
0.2} H _
- [\ [/ big events with small probability
~10 -5 0 5 10
u./o_
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wind data analysis
¥ wind fluctuations can be

measured by velocity increments | A
(9]
ur = u(t +7) — u(t) z Ur

To. ,

= '

2 :

£ :

0.8 S S - :

- Q 1

- P(uq) [a.u] g :

2 :

0.6} | '

© T
<
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wind data analysis

¥ wind fluctuations can be
measured by velocity increments

ur = u(t +7) — u(t)

12

10

8

Windgeschwindigkeit [m/s]

6

T

¢

50 100 150 200 250 300
Zeit [s]

Boundary-Layer Meteorology 108 (2003)
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wind data analysis

Boundary-Layer Meteorology 108 (2003)
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wind data analysis

| Prob(u, > 60) ~ 1074

1/Tag

WindEneravl Centerfor Wind Enerqy Research VI amover
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wind data analysis
— this is intermittency in the sense of turbulence

P o) T=4s5
107 | - _g
| | Prob(u, > 60) ~ 10
L e M~_
o 1
10 ~ 1 06 l 1/ Tag
i
-10 . ; ; ; . ; |
1 0 _5 0 5 Boundary-Layer Meteorology 108 (2003)
U 0!

Prob(u, > 60) ~ 10~

Sa
1/3000 Jahre

e . o,
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handling high frequency
- what is the nature of the fluctuations - solar and wind
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nature of solar and wind power

1500 {(b) — Single sensor 1(a) — Single turbine power
— Solar Field 1.0- — Wind Farm
1000~
< ]
£ ¢
= o 0.5-
" 500+
J 0_
0 T T £ _  TFTTrTTTTTIT L L T
0 20000 40000 1x10° 2x10°
t S . . . t S
! typical time series o

ForWind \"7

// )
Research Alliance
Wind Energy Center for Wind Energy Research




1500

nature of solar and wind power

(b) — Single sensor|
— Solar Field

1000+
&
£
z

500

0 T T
0 20000 40000

t[s]

— Single turbine powe
— Wind Farm

1x10° 2x10°
t[s]

Solar & -1s Wind (farm)
= 1=10s, Wind (farm)

= 1=1000s, Wind (farm)
w= Guassian PDF

O 1=1s Wind (single)
O 1=10s, Wind (single)
1=1000s, Wind (single)

o =15 Solar (field)
& 1=10s, Solar (field)
mm 1=1000s, Solar (field)
== Gaussian PDF

O 1=1s Solar (single)
O 1=10s Solar (single)
O 7=1000s, Solar (single)

P(Xo)

(2) — T T T 1 T

Ty T T T 30 -20 -10 0 10 20 30
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nature of solar and wind power

1500 ®) — Single sensor — Single turbine power|
— Solar Field X — Wind Farm
Germany, Wind & Solar
&_1000- {7} Solar, time lag=15 min
E (a) O Solar, time lag=60 min o
% 1= 2 Wind, time lag=15 min oo
500 @ Wind, time lag=60 min
- eee "".
CCeqe o8
0 T T 1 0-2 — .. T T
0 20000 40000 1x10° 2x10°
t[s] W i 1[s]
£
1074 =
=
1076 =
l L] Ll L} L} l L] L} L] L] I L]
-5000 0 5000

P(t+T) - P(t) [MW]

o . S,
Research Alliance F 0 rWI n d \Oﬁ eeeee
gy D"\‘denbuvg

Wind Ener Center for Wind Energy Research ~ \ 7 oldenburg




handling high frequency - heavy tailed statistics

Wind

P(X)

short time grid frequency PA o .
stabilisation by rotating mass e —

of synchronous generators — .= | & |
grid frequency changes in the : g

range of mHz
www.netzfreguenzmessung.de

1.. 60 min :
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analysis of the grid frequency

- frequency increments

T < lsec

—~~
jaV)
~—

104 PHEC | . .
-0.02 -0.01 0 0.01 0.02
A, f [H]

50.06

50.03

a
o

frequency f(t) [Hz]

N
©
©
=
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original
kernel-smoothed
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0
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0

1000 2000 3000
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50.06

original
kernel-smoothed
50.03
= 50
analysis of the gird frequency = o7 |
— clear fingerprint of renewable energies Foose |
49.91
0 1000 2000 3000
time |[s]
49.88 : : : : : : :
0 500 1000 1500 2000 2500 3000 3500

time [s]

2500

200 ms)

2000

1500

1000

Wind Power Feed-in [GW]

Counts of Increments ¢ f > 2 mHz (7

500

104 Y | A .
-0.02 -0.01 0 0.01 0.02
Arf [HZ] 0 5 10 15 20 25 30 35 40 45 50

Day (Nov 8, 2016 - Dec 27, 2016)

http://arxiv.org/abs/1802.00628
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Low Voltage

-@@@@VW

Clty Network =3 MW

== H=6s, T;=30s
== H=3s, T;=30s

[ e |
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Farm = 400 kW
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Wikipedia

Solar Farm
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Generators with
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wind (Solar) power forecasting

Stability of the grid:

on time scales of hours quite well know system, manageable
on short time scales

- need proper understanding of fluctuations

- need efficient methods - batteries?? self-adaption .....

voltage stability frequency stability
constant voltages constant system frequency
(+/- 10%) (tolerance O(10-1 Hz)

- power balance - short time fluctuation

rotor angle stability
machines remain
synchronized

- state of each node

// )
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grid stability
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grid stability

Complex networks
modern field of statistical physics

- internet, travel system, social interaction, brain ..... to - power grid

internet Wikipedia

° o
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grid stability

two aspects -
static one — (DC model) capacity of power lines

dynamics one — stability of phase synchronization

WindEneravl Centerfor Wind Enerqy Research VI amover

ooooooooo
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grid stability - static example

New Journal of Physics
open-access journal for physics

E } Vol.14 (2012)
raess’s paradox in oscillator networks,

desynchronization and power outage

Dirk Witthaut'-> and Marc Timme'2
a Original configuration b Add capacity

® ®:;
LD, €9,
6

¢ Add line

d Sync.

5 e No Sync. f No Sync. _
0 i ‘H R- a— N ——
.,\\% _\\\
N N\
_2 \\:‘ \Lﬂ
0 5 10 t15 20 0 5 10 t15 20 0 5 10 15 20
a o

al

dynamics ¢l(t)

b




grid stability - dynamic examples
power grid basic features

alle nodes are nearly synchronised

https://www.youtube.com/watch?v=Aaxw4zbULMs

WindEnerav|l  Canter for Wind Enerav Research  \J [anmaver

ooooooooo
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grid stability - dynamic examples
power grid basic features

alle nodes are nearly synchronised

power flow is given by phase differences

Pij = ViV; [Bijsin(; — 0;) + Gyj cos(d; — d;) <—
A

https://www.youtube.tom/watch?v=Aaxw4zbULMs
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grid stability - dynamic examples
power grid basic features

alle nodes are nearly synchronised

power flow is given by phase differences

WindEnerav|l  Canter for Wind Enerav Research  \J [anmaver

ooooooooo
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grid stability

modelling of gird dynamics

coupled oscillators

synchron generators Kuramoto equation

Stator _

Phase ¢

// /
Research Alliance w
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grid stability

power grid basic features

alle nodes are nearly synchronised

- interaction over phase difference

5y = b+ P = 3 BB () By sin(ts — 8

7=1

o E; = C; —T,E; + xi Z E;(t)B; cos(d; — 6;)
J=1i#y

Research Alliance




grid stability

power grid basic features

alle nodes are nearly synchronised

- interaction over phase difference

N
bi = —Yi0i + Py — Y _ Ei(t)E;(t)Bi; sin(5; — 6;)
i Kuramoto Model

N
By = C; —TiE; + x; Z Ej(t)Bij cos(d; — 0;)
J=1,ij :
(97; = Ww; + Z Kz'j Sin(Hj — 9@)

/ ° ~_
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grid stability

power grid basic features

dynamics of one node

mean field:
- global all-to-all coupling Kj=K/N

- infinite number of oscillators ' ' ' .
synchronised
T LLLLL.
= L] 0-8 -
0; =w; + Krsin(V — 6,)
0.6 +
r . measure of phase coherence
): average phase 04 |
" : _ 0.2 | . N =1000 -
phase transition from incoherence to partially N =10000 =
synchronized states at critical coupling K. PP %;iogf;?g )
O L ;E i ¥ ow ¥ ¥ ¥ ié 1 T T T
0 0.5 1.5 2.5 3 3.5
e . N
Research Alliance k*/ FO rWInd \O eeeeee
Wind Energy | ~ Center for Wind Energy Research  \ 7 oleniurg
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KM Modifications

* inertia: -> hysteresis [Tanaka et al., PRL 97] * NOISe [Bag et al. PRE 07], €.9. White noise
m@z -+ 07, = Qz -+ Kr sin(\I! — ‘9'5) Qz = Ww; + Kr sin(\I! — 91> -+ fz(t)
1 T T T T T 1 T T T T T T T
%—
0.8 | w KAXE L LF 08 | Q=00 X
o w ¥ X % A mean field
X X
0.6 . yzé - - 0.6 + s
XK ~
X
041 - 04 -
0.2 + - 0.2 - -
m=2.0
R N =500 . L - | N=10000
0 2 1 6 & 10 12 0 1 2 3 1 5 6 7 &
K K

- various coupling topologies, different distributions of natural frequencies, delay,
external fields [Acebron et al. 05]



Basic Component: Two-machine system .

perturbation scenario: temporal increase of mechanical input D1 (M, i

spower flow
* voltages
* phase angles

« frequencies

* phase angle
difference

0 10 20 30 40 50
stable unstable

* operates in a coexistence region
 displays typical power system behaviour: after a disturbance the system either

* returns to stationary operation ( -> fixed point) or
* transitions to unstationary operation ( -> limit cycle)



* problem how to quantify the stability of the grid
system



Stability of the fixed point Fixed point

. . -~ globally stable
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On a complex network topology

ensemble of 100 networks,
random network of N'= 100 nodes, different initial conditions

50 generators and 50 motors -> synchronization probability p,,,
average degree 2.7
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grid stability — impact of nonGaussian noise

THE EUROPEAN Schmiedender et. al.
Eur. Phys. J. B (2017) 90: 222

PHYSICAL JOURNAL B o1 10.1140/epib/e2017-80352-8

frequency variation due to different intermittency
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grid stability — impact of nonGaussian noise
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frequency variation due to different intermittency
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grid stability — impact of nonGaussian noise
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different stability due to different intermittency
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grid stability — summary

overloads of lines - black out

_ domino effect?
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grid stability

— summary

overloads of lines - black out

/’ domino effect?

phase oscillation between two

—d . .
\ nodes - oscill. reactive power
reduces line capacity
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grid stability — summary

overloads of lines - black out

domino effect?

single node 4

- different frequency due
to two regions mismatch phase oscillation between two
nodes - oscill. reactive power

reduces line capacity

Wind Ener

\\\\\\\\

= i d N7
Research Alliance Fo WI n d \ ‘ eeeee
gy Center fo nergy Research V7 oieriurg



grid stability — summary

overloads of lines - black out

domino effect?

single node 4

- different frequency due
to two regions mismatch phase oscillation between two
nodes - oscill. reactive power

reduces line capacity

sensitive node to instabilities

— end position
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grid stability — summary

overloads of lines - black out

domino effect?

single node

- different freque ue
to two regions mismatch phase oscillation between two
nodes - oscill. reactive power

reduces line capacity

sensitive node to instabilities

— end position 4//H >>\

— root of a tree structure
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grid stability — summary

overloads of lines - black out

domino effect?

single node

- different freque ue
to two regions mismatch phase oscillation between two
nodes - oscill. reactive power

reduces line capacity

sensitive node to instabilities
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— end position 4//H)>\ —, all operating on a noisy
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grid stability — summary
challenge to understand and predict these effects.

overloads of lines - black out

domino effect?

single node

- different freque ue
to two regions mismatch phase oscillation between two
nodes - oscill. reactive power

reduces line capacity

sensitive node to instabilities

ngn II " .
— end position 4//b>\ —, all operating on a noisy

background

— root of a tree structure
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END — transition of the grid

Stability of the grid

different aspects (- forecasting - intermittency - dynamics of complex systems )

voltage stability frequency stability
constant voltages constant system frequency
(+/- 10%) (tolerance O(10-1 Hz)

rotor angle stability
machines remain
synchronized

- power balance - short time fluctuation - state of each node

Primary Secondary Tertiary Generation
Control Control Control Rescheduling

/

\
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» Time
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transition of the grid is more than adding only
renewable sources to the grid - there are challenges:
- smart solution are necessary

- concept of physics of use
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https://www.youtube.com/watch?v=Aaxw4zbULMs

http://www.mainsfrequency.com/verlauf_en.htm

Research Alliance g FO rWI n d \O eeeeee
gy

Wind Ener Center for Wind Energy Research



