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Wind and Solar Power in Germany

Wind Power Installation in Germany in MW
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Offshore Wind Farms Projects
of the TenneT TSO

Offshore Windparks
geplant

im Bau

in Betrieb

Offshore Netzanbindungen:
....... im Bau
— in Betrieb
— Ubertragungsnetz
Offshore Konverterstation
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Onshore point-to-point
VSC HVDC Links
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Prospect

* Aslong as Germany is connected to the
European transmission grid, the situation
seems to be manageable

 The main concerns currently are overloaded
lines and transformers forcing the operator to
redispach generation =2 high costs

* The new transmission links to be built in the
future will use HVDC and underground cables
(400 kV) =» new technical challenges
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What we need in the Future

Change the philosophy from grid conform behavior to

,,Grid forming Behavior*

A\

Direct voltage control like synchronous machines are doing (no
voltage dead band, no definition thru reactive current injection)
Participation in grid frequency control

Damping of oscillations (frequency range 0.1 — 500 Hz)

Contribution to grid restoration

>
>
» No mutual excitation of converter controllers (Harmonic Stability)
>
>
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The Grid Separation Problem

Will the North island grid survive?

Offshore WFs planned and

\\/ operating with subsea

HVDC cables

=3 « Considerable surplus of power
- generation

No or little inertia

» No frequency control by converter
» No effective Var-Voltage control

B T

Source: IEEE Spectrum: German)‘f Takes the Lead in HVDC. Online:

Need for

« fast frequency control

* Rate of frequency change? » Participation of renewables in
» \oltage rise? primary control

http://spectrum.ieee.org/energy/renewables/germany-takes-the-lead-in-hvdc

» Stability of converter interaction?

How to balance power generation
and consumption by renewables?

Direct voltage control
Stable operation of converter with
small grid inertia
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Test Grid for Frequency Control

Equivalent grid % 2000MW

-4— 891 MW : :

_” — HVDC

!

I

500MW g
é 380 kv

90000MW % T é- 2000MW
<—857 MW @+
i— HVDC
—H

f

Load voltage and frequency dependency
u)’ Af uY’ Af
P=P,| — | -[1+0.7— =Q,| — | /1-0.1—

0 0 0 0 624MW
SG units without primary control
2000MW
Loads: 950 MW each
Generation total: 7624 MW é | ,‘_@
Generation SG: 1624 MW {

Generation HVDC: 6000 MW
Consumption total: 5700 MW 1|
Surplus of generation: 1924 MW (25%)

Exchanged power: 1748 MW (23%)
All 380 kV overhead lines are 80 km long

— HVDC

G) 500MW

IEEE
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Options for Frequency Control

Different Options

iner & Energy Society®

Overfrequency emergency control

A) fO pref
—
fGrid — Af \ | kR
Af, [0 1+5sT,
—1
0

Direct Frequency Control

B) f0 pC,max
—
foria— Af 0 R ka
—1
pC,min
Under- and Overfrequency Inertia Control
C) pl,max
foi T —
0 I
1+5sT,, 1+sTq
—1
pl,min

Frequency control can be
implemented in converter
easily.

The challenge is rather to
increase/degrease the
generated power behind the
converter.

$IEEE
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Frequency Following Grid Separation

Grid Frequency

7 constant only synchronous
54 | CONverter generators
power
53 Parameter:
Rate of change limitation
52 of HVDCactive power
50
49

0 2 4 6 8 10 12 tfs 14

only SG =0 pu/s 0.1pu/s 0.2 pu/s =——0.3 pu/s 0.5 pu/s

Rate of frequency change becomes approximately 5 times faster

.!.-" _‘1,__..
L4 =)
N,
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The
Var — Voltage
Control Problem
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Var-Voltage Control

Current Requirements According to current requirements

“voltage support” converter do not contribute to
Gain: voltage control under normal

AIQ‘ operating conditions.

k= Al AU
default: k=2.0 p.u. There are no clear differentiation
Range adjustable : between slow Var adaptation
k=0.0-10.0 p.u. -0.1 AU (control) and fast voltage control in

0.1 the grid codes.

Expectation:

- Fast direct voltage control without dead band
- Slow Var adaptation

(Exes O IEEE

Power & Energy Society®
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The Current Injection Problem

Current controller:
controller with Pl characteristic

— Vg
!P,ref j q k| [l-l- 1 j _>é VLSC,d>
le - \ TS - Injection of current without
o X considering grid conditions,
especially following islanding
> X and during FRT will not work in
: F _ grids dominated by converter.
IiQ,ref q k| (1+ 1 j >5 Visc a y
Q _? T|S

@M O 9 IEEE
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Design of Offshore Grid and
Power Transmission

OWF platform

ACOHT

OffShore Onshore

Offshore HVDC
AC |  \  conver ter DC cable

155 kV 320 kV Onshore
'||< '.;"‘ AC grid

&
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p.u. 1H
1.0 ﬂ M M ‘
o5 | Voltages 1
0.0 |
0.5
-1.0 ! 1
A
-15 I A
55.0 i i
Hz HVDC . h| -~
. esyncnronization
505 | blocking :
]
Y 1
50.0 : Frequency I
: %
47.5 i ‘ Time/ms
T T T T T T T T
100 150 200 250 300 350 400 450
1.5
p.u.
1.0
0.5
Voltages UH
0.0
,05 ]
T
1.0 H j
-1.5 T T T T T T T
185 190 195 200 205 210 215 220 Time/ms 23
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Voltage Rise following
Islanding in an
Offshore Wind Farm

(measurement)

The voltage rises to ca. 1.3 pu
(fundamental component) caused
by the integral characteristic of the
WT current controllers.

Transformer saturated resulting in
transients

=» \Voltage rise caused by the
converter must be limited

16

O 9 IEEE
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Current Injection Problem
A Simple Solution

Current controller:
black: controller with Pl characteristic
red: suggested modification

P ref

Removing the integral block in
the current controller can solve
the problem.
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Emulation of Serial Resistance by Converter

AV,
! L
4—
Y
>
() lvo =Voa T Vo Vi
v . .
The proportional gain in the
° classical Pl control represents
‘ the emulation of the serial
Equivalent for transient currents resistance
Voo Ve, ‘ Vog Ve, ‘ =>» contribution to the damping
TA\’/‘rol TAvrq
sT
R r_ST
1+sT 1+sT

| J
@E (i ~Toer ) (i ~Toer )
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Effect of the Proportional Gain of the Current
Controller on the Critical Eigenvalue

Current controller Figenvalues
1 350
T.,=100 ms ]
=10.1-2] p.u. 1%
1 340
(kIO + 1/sT)) ]
\ ] 335
\ / 1 330 _
. . i E
. Damping increases {35 £
with kp ; £
— . ] 320 3
\ ] o
] 315 ©
° 1 310
° S
-------------------------------------------------- 300
200  -180  -160  -140  -120  -100  -80 60 40 20 0
Re {A} (s7)

Bkp=0.1p.u. Akp=0.2p.u. kp=0.3p.u. Xkp=0.5p.u.

®kp=0.7p.u. kp=1p.u. kp=1.5p.u. ® kp=2p.u.
(EEES p=0.7p. p=1p. P p. p=2p.
B\ e e < IEEE
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Comparlson of Old and New Control
Respon sudden HVDC blocking

Max. Var ppIy by WT before (overexcited)

New controller without PI blocks
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Hierarchical Var-Voltage Control

Slow global Var control Fast local voltage control
Vv VQ droop q v, v,
qmax VLSCdx,max
NL ] .i . £ . , - ’
V. 1 *
Vv — q — Tref & — I ref Viscox, LSCd,ref
ref > _k ref o k|14 i kV X X,max >
QU N
—J — —T
qmin ? _VLSCdx,max
ST
P
Stop if v" Damping and 1+sT
el transient current T
limiting control .
( g )

Consider: fast voltage control is not defined by reactive current injection!

It corresponds with the classical voltage control implemented in almost all
synchronous generators.

(L & IEEE

Power & Er1erg1,r Society®
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Reference Trecking Behavior

1.075

Au=+12% |

Au=-6% Reactive Power

1.055 ———g/p.U.SEC  ==== g/p.u. REC

1.035

1.015
u/p.u.SEC  ==== u/p.u. REC

0.995

Au=+12%

ref

0.975 :
0 20 40 60 80 t/s 100 0 20 40 60 80 t/s 100
1

0.8

0.6 i i
o ‘Active Power:;

0 ——plpuSEC <o P/ REC - set Augof = —6% atapprox.att=15s
0 ' : :

- set Auer = +12% at approx.at=35s

-0.2 : 1
AU =6%  Au=+12% Au,=-6%

-0.4

06 - set Aupof = —6% at approx. at=65s

-0.8

-1
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Disturbance Behavior

0.8 t
[ |
b Voltage
06 |11
[ |
[ u/p.u.SEC  ====-u/p.u. REC
[
0.4 \:

q/p.u.SEC  ====- q/p.u. REC
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Effect of the Current Injection on Voltage

Voltage
0.41

v\“ 'v The best effect can be
TSRS

achieve by injecting
| \” current with phase angel

0.39 ‘

corresponding to the

0.385
phase angle of the grid
0.375 .
impedance
cos_¢ of injected current ——»
0.37

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Parameter: Grid lines X/R relationship
—only reactance —10:1 8:1 6:1 —4:1

—21 —11 —0.5:1 —0.2:1 —only resistance
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Current Limiting Control (1)

1) Limiting the max reference current
2) Phase angle of the reference current according to the phase angle of the grid impedance

(|Id + qu | o Iref_maxo) > O - Iref_max = Iref_maxO o I(red ) (|Id + qu | o Iref_maxO )

j q yA'
A
?; I
e |a=-0
™ Ve
IP,ref IP,ref i
> Q
5 A
= 0
E ,,,,,
H — i * ref_max A
IQ,ref Q,ref -
—> — o/ 1 "k
: i
!ref_unlimited
Liet limited |
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Current Limiting Control (2)

1
1.2
u
c?s pu
1
0.6
0.8
0.4
0.2 0.6
0 [\ 0.4
0 0.05 0.1 0.15 0. 0.25 03 t/s 035
-0.2 02
0.4
0
-0.6 0 0.05 0.1 0.15 0.2 0.25 03 t/s 035
= i_Qref i_Qist e |_Pref i_Pist
Current Magnitude i_ref_max
1.2 1.2
pu pu
1 1
- r r
0.8
0.6
0.6
0.4
0.4
0.2
0 0.2
0 0.05 0.1 0.15 0.2 0.25 03 t/s 035
0
i_ref_mag ——i_mag_ist 0 0.05 0.1 0.15 0.2 0.25 03 t/s 035
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The Harmonic Stability Problem

Interaction of fast converter controllers among each other and with grid/filter

resonance circuits.

A A M i kW MW
107e7h-—-pA-p-A- A DAA A A A AR %
. | : : ! I 50 Hz power . 120
2 asgoolt LM S e “ Instability
: | I | | | 18 110
b | | | | |
35.880F -1+ -HAAH - - A Bef-H-14E 1 100
| | | | | ]
A0767 A=Y A A A A A o
| | | | | I 80
| | | | | 13
-179.45 ; L L L ! 12 70
0.0000 0.0805 0.1610 0.2414 0.3219 [s] 0.402 1
0 290 Hz power 60
el
| i ; .
; : 1 40
] [}
Control i 5 %0
: : 20
! Fast controller ; K
: 0
Wind E 0 5 10 15 20 25 30 i
. |
[} .
Turbine : Ferromagnetic ~ ©m----=--==--=-mmosmosoosoooe- .
_________ J saturation | Fast controller i
] ]
[} [}
| |
—|_ —|_ Filter

Grid resonance circuits
( IEEE
B\ e S O <9’ |EEE




- 7
Effect of Loads on Damping

500 MW 380 kV Cable 380 kV

@_@‘135 qul—lqb ;—@7HVDC

100% compensation

Load
Eigenvalues _ Loads Loads contribute
0042 0.02%-. 0.018 0.008 1000 to better damping
900
0058 ke <m of resonances
800
™5 Modal analysis
@ DR AT B 600 L. y
0.085 o<k el represents a
B [= .
e L ¢ superior method
v @l sl | 400 :
OB e o |8 for Harmonic
............ Stability studies
025 e e i 200 y
0
-300 -250 -200 -150 -100 -50 0

Re {A} (s}

K" ¥ Grid_ No Load “ Grid_250MW Load ® Grid_500MW Load
EPEs < IEEE

Power & Energy Society®
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Effect of Underground 400 kV Cables on Grid
Resonance Frequencies

Grid - Eigenvalues - Cable/Overheadline

2500 .
Cable grid resonance

o frequencies are in the range
o 2000 of the converter operating
frequencies.
© Cable 1500 §
@ Overhead line z = Risk for harmonic
1000 2 instability
[ n o
o m ., =» Converter must be
o . designed and tuned properly.
|
0
-800 -600 -400 -200 0
Re {A} (s)

e

Pn-.-.rer & Energy Society®
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How many conventional
generation units are needed for
stable operation of converter
dominated grids?
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Test Grid

800MW, 100Mvar

s1 A s2
100km 100km

30% -300 Mvar II—I -
Power Wp1 ( Q ) 15% 15.56kvsn_150MVA
generation oy [ 00 380 kV o 4@—4—@ SG1
shifted to 15%
converter @ —(0) S — ool
G 1 BJ_ C + AVR
AVR Sootw 300 Myar &iMW Remaining conventional
100Mvar 100Mvar unit responsible for
Converters are 100km 100km primary control
represented by detailed 3””;
state of the art control S8
models according to
the current GridCodes -
WP2 562
Power AVR
generation g

shifted to

Pn-.-.rer & Energy Society®
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Conclusions Based on Comprehensive
Dynamic Simulation Study

Converter Active Power

1000

Below approx. 40% conventional

C It bl . . .
TSR PR units different dynamic concerns
arise:
0 1 2 3 4 t/s 5 . age ape
ot e o Transient stability, Voltage stability,

Frequency stability, ...

Generator Speed

However, with modified new
converter control the problem can
be managed

0 1 2 3 4 t/s 5

@iﬁ O 9 IEEE
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Simulation Results with New Control

only 2% conventional generation unit in the grid

Voltages Speed Generator
1.02
p.u.
1.015
1.01
1.005
S —
1
0.995
0.99
0 1 2 3 4 tfs 5
u_grid ====-u_conv.
Generator Power Converter Power
400 000
MW V\\/ Mw
300 1600
Mvar / \ // \ Mvar
200 e, 1200
100 'f::'-\-_ v é :\/ 800
"""" N \\“\" QV\ s v
0 \,\\/ /\® 400
-100 / Ay / > \ 0
\
200 3 \\ \/\\ 400
0 1 4 t/s 5 0 1 2 3 4 t/s 5
----- P_gen. Q_c p

K‘ =>» Grid remains stable despite of low inertia ©
IEEE A,
s o .

Power & Energy Society®
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The test grid including the converter control
used by the University of Duisburg will be
available for download on the Digsilent
(PowerFactory) webpage in a few weeks.

Bechmark for Testing Converter Control
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Conclusions

* Converter interfaced generation results in
fundamental changes in power system
operation, dynamics, control and protection.

* New phenomena arise requiring some basic
research

* By using new grid forming control the system
can be stabilized even though the share of
converter supply will reach up to 100%




Thank you for your attention!




