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Performance of Automatic Geraion Control Mechanisms
with Large-Scale Wind Power
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) T +31 15 2784051, @ b.c.ummels@tudelft.nl
2 Transmission Operations Department of TenneT bv, TSO of the Netherlands, Utrechtseweg 310, 6812 AR Arnhem, The Netherlands

Abstract — The unpredictability andvariability of wind power wind power with other generation/load in its portfolio
increasingly challenges real-time balancing of supply and demanfierefore results in the payment of an imbalance price to the
in electric power systems. In liberalised markets, balancing is fg0 [1]. Wind power will therefore impact the secondary
responsibility jointly held by the TSO (real-time power balancing)comrol actions performed by PRPs

and PRPs (eneygrograms). . . .
In this paper, a procedure is developed for the simulation of power Little research has been performed on the impacts of wind

system balancing and the assessment of AGC performance in tR8Wer on secondary control performance in general, and the

presence of large-scale wind power, using the Dutch control zone kYegration of wind power into liberalized electricity markets

a case study. The simulation results show that the performance iBf particular. Dynamic interactions between wind power and

existing AGC-mechanisms is adequate for keeping ACE withirsystem frequency have been investigated in [2]. It is shown

acceptable bounds. At higher wind power penetrations, howevethat the displacement of conventional generation with wind
the capabilities of the generationix are increasingly challenged results in increased rates of change of system frequency for
and additional reserves are required for keeping ACE at the sarggt particular system. However, for larger systems, system
level. . . inertia may be considerably larger and impacts of wind

Index Terms— Wind Power, System Integration, Secondary . . .

Control, Automatic Generation Control, Dynamic Simulation power on this can.be delineated as being less severe or absent
[3]. Impacts of wind power on secondary control and the
need for spinning reserves],[34] may however be more

1. INTRODUCTION significant, also at low wind power penetration levels.

In the past decade wind power has become a generatigantifying these using assical models for power-

technology of significance in a number of Europearfrequency control (Automatic Generation Control, AGC)

countries. With further development of wind power on thedoes not consider energy program responsibility since these
horizon, the impacts of wind power on power systenfPproaches implicitly assume a direct physical link between
operation will increase as well. In particular the@ Secondary control signal by the TSO and a generator set-
unpredictability and variability of wind power challenge real-Point change. Furthermore, any strategic behaviour by
time balancing of supply and demand in electric powefarket participants is assumed to be absent. It is the
systems. This is because significant amounts of wind pow&bjective of this paper to demonstrate a possible extension of
not only introduce additional power variations andeXisting models with such aspects and to illustrate the
uncertainty but may also decrease generation capacifjiPacts wind power may have when fully integrated into
available for secondary control. For balancing theProgram responsibility.

fluctuations of wind power, additional power reserves may This research is focused on modelling load-frequency

be required on top of power reserves already held fgrontrol dynamics in the presence of large-scale wind power

managing existing power variations in the system, which argubject to program responsibjl Simulation results are
caused by load variations and unscheduled generatif¥iesented for different variants with wind power balancing
outages. by separate conventional generation portfolios subject to
In liberalized markets throughout Europe, participant$rogram responsibility, such & case in the current market
have been made free to make arrangements for trading pov#&sign in the Netherlands. A two-area power system model,
in a number of forward markets. In order to guarantee gepresenting a control area as part of a large interconnection,
balanced power system, generation, load and energy tradésset-up based on realistic data for generation units, loads,
are scheduled on beforehand and laid down in energyind power production and forecasts. The novel contribution
programs, which are sent toet}'system operator (TSO) In of this work consists in modelling the imbalance control by
the Netherlands, the responsibility for maintaining the powe?RPs via minimization of their energy program deviations.
balance in the system lies not only with the TSO but alshe impact is assessed of different market designs on the
with market participants responsible for delivering accordingotal amount of reserve and regulation applied for balancing
to their energy programs. Based on the energy exchan$énd power and on Area Control Error performance.
programs received from these program responsible partiesThis paper is organised as follows. First, the Dutch market

(PRPs) day-ahead, the TSO takes care of all real-time powdgsign and its impact on wind power are briefly re-

imbalances using reserve power. PRPs are penalized fptroduced in Section 2. Section 3 describes the development

energy exchanges with the system different from specified iff @ dynamic power system model for frequency stability and

their energy program. Interestingly, in the Netherlands, wing§eécondary control adequacy assessment, from both the
power is subject to program responsibility as well, compare@erspective of the TSO and PRPs. In Sections 4 and 5, the
to the more common priority dispatchl Failure of a Dutcrﬁet'up and the results obtained from the simulations are

PRP to balance the partial predictability and variability offovered. Conclusions and an outlook on further work a
presented in Section 6.
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2. MARKET INTEGRATION OFWIND POWER prevent imbalance costs, Dutch PRPs therefore monitor and

The responsibility for balancing large interconnectedn@nage their unit portfolio taking into account wind power
systems such as UCTE is typically divided between differerredictions and real-time measurements.
transmission system operators (TSOs), each responsible foBalancing wind power output deviations can be done by
balancing its respective area (control zone). The whol@djusting generation or load within the PRPs' portfolio or by
process of power system balancing comprises many stagé&ing precautionary measures on the market [1]. In order to
starting with energy trade en ending with real-time balancin§€ able to do so, wind power unpredictability and variability
of unscheduled power exchanges of market participants witRust be taken into account during unit commitment and
the system. In order to organise trade and guaranteefjl§PatCh caI(_:uIatlc_ms of an individual PRP with wind power
balanced system on beforehand, the concept of prografh its portfolio. Wind power thereby is part of the overall
responsibility is applied. This is illustrated and discussed iRP€rating decisions continuously made by PRPs.

more detail below for the Netherlands. As the amount of wind power increases, individual PRPs
o will be inclined to reserve more of the generation capacity
2.1.Program Responsibility within their portfolio for minimization of energy program

With program responsibility, PRPs or program responsibldeviations, while the TSO may not need significant extra
parties (PRPs) have been made responsible for keeping thegserves for balancing wind power. At the same time, any
own energy balance. Each customer (generator or loadhbalances remaining after secondary control actions by
connected to the system is associated to a PRP. A PRP mB&Ps must still be matched by the TSO, using the capacity
maintain its energy balance (MWh) for each marketmade available by the PRPs. Wind power therefore
settlement period or program time-unit (PTU). Progranthallenges existing AGC-mechanisms applied both by PRPs
responsibility requires program responsible parties to providend by the TSO for imbalance minimization.
energy programs (e-programs) to the TSO, describing the
energy exchange with the system for each PTU, and to
accordingly. The e-programs in fact contain the sums of al
scheduled generation, load and trade of one PRP with other order to assess the impacts of wind power on the
PRPs: generation is delivered to the power system only ferformance of secondary control or automatic generation
there is a load to match it. The sum of all e-programs of atlontrol (AGC) mechanisms, a power system simulation
PRPs should add up to zero. model for the UCTE-area is developed. This dynamic model

PRPs have different markets to their disposal for tradean be used for the simulation of long-term frequency
comprising bilateral contragt(blocks for long terms for stability, i.e. the ability of a power system to maintain steady
physical position settlement), spot markets (up to one ddyequency following a severe system upset, resulting in a
preceding operation) and adjustment markets (up to one ossinificant imbalance between generation and load [5]. As an
few hours before the hour of operation). At gate closure, alinmediate consequence of such power imbalances, the
trading for the physical delivery of electrical energy ceasesystem frequency changes and an area control error (ACE) is
PRPs submit their final schedules to the TSO. The schedulggroduced. The TSO will then send out signals to selected
contain their intended energy exchanges with the system fBRPs for secondary response in order to re-install the system
each trading period. It is then the TSO who manages powfequency at the set value. Below, the development of the
reserves for maintaining the system balance. On top of throdel is described.
automated primary actions for system security, the TS . .
continuously manages secondary (available within 1 -1.System Inertia and Primary Control
minutes) and tertiary reserves (available after 15 minutes) ffom a system point of view, frequency stability is
order to maintain the balance in the system in real-timgletermined by two system parameters comprising the
Secondary and tertiary reserves are in general made availaféponse of the system as a whole: power system inertia and
by PRPs submitting bids for operating reserves to the TS®1e system power frequency characteristic.

Since the capacity for system balancing is made available byThe model developed here effectively describes the power
PRPs who themselves must keep their energy balance ¥stem as a mass rotating at a speed of 50 Hz. The actual
well, it should be noted that secondary control actions by tH@tational speed is dependent on the amounts of mechanical
TSO and PRPs will coincide or, occasionally, interferqoower added to or taken from this mass. A uniform
during operation. Furthermore, it is important to realise thdfequency is assumed using an aggregated inertia constant of
program responsibility is based on economic incentives: then equivalent one-machine infinite bus system, such as
balancing costs encountered by the TSO are passed onagplied in [6]. The power frequency characteristic (the
PRPs deviating from their submitted energy programs. Thugverall dynamic response of generation and load to a power
PRPs will behave strategically in order to minimize theialance) consists of a load self-regulation factor of 1 and an
imbalance costs. aggregated primary response of generators in the UCTE as a
o ] whole. Detailed primary responses of 70 units in the Dutch
2.2.Program Responsibility for Wind Power system have been modelled explicitly using historical unit

In the Netherlands, wind power is subject to progranmodels available to the authors. The resulting aggregated
responsibility, just like conventional generation, which isprimary response of the model has been compared to
unlike most market designs for wind power. PRPs arérequency data supplied by Dutch TSO TenneT, using an
thereby financially encouraged to limit possible imbalanceapproach as presented in [7].
resulting from wind power Vvariability and partial For the estimation of system inertia and primary response
unpredictability: a power imbalance as a result of windbf the UCTE-interconnection, 4s. frequency deviation
power implies an energy program deviation. In order teneasurements were obtained for 88 significant instantaneous

t
. POWERSYSTEM MODEL DEVELOPMENT
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power imbalances in the UCTE-interconnection from
10/2004 to 12/2006. The power frequency characteristic was
found to lie between 19-10e3 MW/Hz and 47-10e3 MW/Hz,
with a mean of 26-10e3 MW/Hz and a standard deviation of
9-10e3 MW/Hz. With an allowable measurement inaccuracy
of 10 mHz in place for generators on primary control, a
primary response of the model is obtained as shown in Fig. 1,
illustrated with a small number of recordings representative
of the full data set.

3.2.Secondary Control

The area control error (ACE) represents the total power
deviation of a system (MW) and comprises unscheduled
power exchanges of the area with neighbouring areas and the
frequency deviation of the system. For secondary control
purposes, ACE is typically processed using a Pl-controller
(processed ACE, PACE) before it is sent to units on
secondary control. The PACE-logic has the objective of g 1 vaiidation of system inertia and power frequency characteristic
minimizing ACE while neglecting fast dynamics in system ) o .
frequency, which would result in unnecessary, fast changdicked up by the PRP responsible for it. Simultaneously with
in demands for secondary control. In this model, it i$&€condary control at the system level, the PRP will take
assumed that ACE occur in the Dutch area only and thi€a@sures in order to minimize its energy program deviation
Dutch secondary control alone returns ACE to zero. The refi0t necessarily its power imbalance) in order to avoid
of the UCTE-system is balanced but will contribute tojmbalance costs. The PRP will not only monitor its power
primary reaction in case of significant frequency deviationgmbalance (MW), but also physical position within the PTU
Dutch ACE and PACE have been modelled using th&Wh). The actual power imbalance of each PRP is
mechanisms developed and currently applied by Dutch TSepnstantly assessed by monitoring generation and load
TenneT. A power frequency characteristic of 900 Mwdeviations from scheduled values while settling the
obtained from operational experiences of the TSO is appliegécondary control signal received from the TSO. For
which is then compared to a two-stage threshold for fadlbalance minimization, a fraction of the actual power
response to significant eventssa| PACE is set such that its Imbalance is integrated and subtracted from the set-point of
integral term does not increase (decrease) further in caggneration units selected by the PRP for imbalance
ACE is positive (negative) but decreasing (increasing). management. Because participation in secondary control is
For real-time power system balancing, the TSO applie@ken into account in calculating its imbalance, both the
secondary reserves made available by PRPs through PRPS’ imbalance and the system imbalance are eventually
bidding ladder (selection of cheapest bids). Bids are orderfturned to zero.
arranged based on price in a power reserve bidding ladder, 2>INC€ imbalance costs are settled not on a MW but on an
separate ladder for upward and downward reserves. Durif§Vh/PTU basis, the energy imbalance for each PTU is the
real-time operation, the TSO continuously determines th@0st relevant parameter for a PRP. The MWh-value
amount of reserve power that is needed, based on the actd@gcified in the PRPs' energy program is the operational
PACE. Using the bidding ladder, the amount of require@bjective: during each PTU, the overall energy deficit or
reserves is mirrored onto the available bids which are thef/rPlus compared to the eggrprogram must be minimized.
called off by the TSO. This is done by sending a delta-signd1®" the counter-balancing of power deviations, different
(MW-set point) to the PRP associated with each bid calle@Perating strategies for imbalance minimization may be
using a separate delta for both upward and downwarPPlied in order to reach the energy value objective, as
reserves. The rate-of-change of delta does not exceed a rafigown in Fig. 2 (area under all three modi is equal).
rate value pre-specified by the associated PRP. Every folfHerviews by the authors with Dutch PRPs have revealed
seconds, the PACE is re-calculated to determine whether et the preferable operation modus is the most gradual one
sum of all bids called (MW) is sufficient for balancing the(B), even though this involves a continuous adjustment of
control zone and which bid should be used up to whicRPeration set-points of units under secondary control, which
extent. In case PACE drops below an active bid’s threshofePu!d partially be prevented by opting for strategies A and C,
and the bid is no longer necessary, the bid is reduced with®h Other. In the model, the energy program deviation is
ramp rate no more than the maximum specified in the bi¢onstantly calculated and fed back into the secondary control
Because of this ramp rate limitation, positive and negativéignal. At the start of each PTU, the energy-program
bids may be active simultaneously. It is the responsibility ofi€viation is reset to zero.
the market party associated with the bid called off to adjust
its generation operating points and/or load schedules
accordingly.

3.3.Energy Program Responsibility

When a power imbalance is picked up by the TSO (i.e. ACE)
and secondary control is activated, the generation/load
deviations from scheduled values causing it will also be
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Fig. 2. Different operating strategies between energy-programme set-points

3.4.Generation Units Fig. 3. Simulated responses of three generation unit responses to frequency

. . . . and a operating set-point steps

A number of existing dynamic generation unit models for
Dutch plant have been compared to literature models [8]. It isind power on automatic generation control performance.
found that, for long-term frequency control simulations, &ince the overall power fluctuations of wind power clusters
differentiation must be made between initial responses arate of importance here, detailed models for wind turbines fall
more persistent ones. The former are determined mainly mutside of the scope of this paper. Wind speeds at
the governing system (valve positions) while in the longerepresentative locations of Dutch wind parks onshore and
term, the physical processes in the boiler become momdfshore have been developed using wind speed data
important. For unit start-up or shut-down, these physicabbtained from the Royal Dutch Meteorological Institute
processes may require hours up to days, which must be tak&NMI). The data concerns 10-minute wind speed averages
into account when calculating the unit commitment andvith a resolution of 0.1 m/s for 18 locations in the
economic dispatch (UC-ED) of these units. Netherlands (9 onshore, 3 coastal and 6 offshore) measured

In this work, dynamic response (seconds) and primargetween June 1, 2004 and May 31, 2005. Wind speed time
reaction of 70 Dutch units part of PRPs’ portfolios have beeseries for the study period are created for 15-minute time
modelled explicitly. The models incorporate typical aspectmtervals in such a way that the spatial correlation between
as primary reaction and speed, power-frequency, turbine afttie sites is taken into account. The development of wind
fuel control. Longer-term physical aspects (minutes) havepeed data is described in more detail in [9]. For
been delineated; instead, fixed ramp-rates not governed bimplification, it has been assumed that the effects of
physical limitations but by controls have been assumed, astisrbulence on the aggregated output of each wind farm
current practice for all units part of the PRPs’ dispatchwithin each 15 min. interval are small because of smoothing
UC-ED (weeks to hours) of ¢hmain Dutch generation units of fluctuations [10].
is calculated using a commercial optimization tool previously
applied in [9].

As an example of the dynamic models of the generati
units, Fig. 3 shows the simulated responses of some uditl. Simulation Method

models developed for this research: a coal unit, a combingg,e operation schedules of conventional generation units are
cycle gas turbine (CCGT) and a cokes gas unit in the Dutchyarned by a number of longer-term aspects which fall
system. All units are at a 0.6 p.u. operating set-point. Att = iciqe the scope of the dynamic simulation model
S., a frequency drop of 0.004 p.u. is introduced, leading tod’eveloped here. These aspects include scheduling of
primary response of all units (a dead zone of 0.002 p.u. {faintenance, market trading and settlement procedures of
assumed), resulting in a fuydrimary response within 10-20 1arkets, which lead to the calculation of UC-ED schedules
seconds. As can clearly be seen, the units all show a fa§} each unit in the system. In order to arrive at a realistic

initial and a slower, more persistent response. At t = 30 Sarting point for the dynamic simulations, the following
the operating set-point is stepped up from 0.6 to 0.65 p.u. By lation set-up is applied:

this case, the dynamic response of the unit is governed by the

unit ramp-rate controls. More detailed modelling of the unit, ~aiculation of UC-ED A chronological UC-ED model
dynamics therefore does not translate into added value for \ith the same make-up as the dynamic model
the simulations and have therefore not been incorporated. (generation units, wind power etc.) is run for a week or
Notably, several Dutch PRPs have indicated to the authors any longer period of time using a 15-min. time step.

that_ detailed physical models of their units are in fact not Steady-state operating set-points for each generation unit
available to them. are obtained and saved.

x Select casesThe output of the UC-ED model is
3.5.Wind Power analysed and interesting cases for dynamic simulation
(simultaneous wind power drop and load increase,
generation outages etc.) are selected. A small number of

oﬁ' SIMULATION SET-UP

With the modelling of wind power, it has been borne in mind
that it is the objective this work to investigate the impacts of
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consecutive states including the selected state are
isolated.

x Import of unit set-pointsThe operating set-points for all
units are imported into the dynamic model. Interpolation
is applied to obtain continuous operating signals serving
as an input for the dynamic model of each unit.

x Initialization and dynamic simulationThe dynamic
model is initialised around the operating points of the
first state and then run. Power deviations occurring in
real-time may be simulated by adding these deviations
(i.e. wind gusts or random noise) to the set-points
imported from the UC-ED-results. Valid parameters
such as system frequency, ACE and PACE and power
imbalances and energy program deviations of PRPs are
reported.

For each PRP, one or more units are selected for AGC by the

PRP, based on daily operaf[ing rou_tines of Dutch PRI:)S‘Fig. 4. Area Control Error (ACE, black line) and Processed Area Control
Furthermore, PRPs make bids available to the TSO farror (PACE, grey line) of the Dutch control zone with 0 GW wind power.
secondary reserves, which are then taken into account with

the scheduling of UC-ED. Notably, PRPs prefer to use base-

load coal units — if available within the portfolio of the PRP

— for managing e-program deviations.

4.2.Simulated Variants
The following simulations are run:

a) System operation without wind power

b) Large variation of 2 GW wind power

c) Forecast error and large variation of 2 GW wind power
d) Large variation of 4 GW wind power

e) Forecast error and large variation of 4 GW wind power

Simulation a) is used to provide a base-case for comparison
with the simulations with wind power. Since for this
simulation, no data are added compared to the set-points
imported from the UC-ED-model and no wind power is
present, the power imbalance at any moment in time should
be small, resu|ting in a small ACE and PACE. Also, th&ig. 5. ACE for the Dutch control zone with 2 GW wind power with perfect
results imported from UC-ED will be different since wind forecast b)(line) and with forecast error c)(dotted line).
power will impact the scheduling of conventional units.

In simulations b) and c), wind power increases between
t = 450s. and t = 1350s from 553 MW to 1207 MW (+654
MW) and then decreases between t = 1350s. and t = 3150s.
to 707 MW. In simulation b) it is assumed that wind power is
perfectly predicted and no real-time deviations occur.
Therefore, the UC-ED will incorporate wind power and ACE
and e-program deviations resulting from wind power
imbalances can be expected to be small, although a more
dynamic operation of conventional units is expected. In
simulation c), a ‘real-time deviation’ signal of wind power is
added to the wind power set-points imported from the
UC-ED-results in order to simulate unscheduled wind power
output. Thus, PRPs and the TSO will apply secondary
reserves to balance forecast esrand ACE as a result of it.
PRPs experiencing wind power deviations in real-time apply
secondary control in order to avoid energy program
deviations.

Fig. 6. ACE for the Dutch control zone with 4 GW wind power with perfect
forecast d)(line) and with forecast errors e) (dotted line).
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In simulations d) and e), wind power increases between
t =450s. and t = 1350s from 983 MW to 1736 MW (+753
MW) and then decreases between t = 1350s. and t = 3150s.
back to 743 MW. In simulation d) it is assumed that wind
power is perfectly predicted, in simulation e) wind power
deviates in real-time from scheduled values.

5. SMULATION RESULTS

5.1.System Perspective: ACE

In Fig. 4, the simulation results for a selected one-hour
simulation period of the model is shown. Since for this
simulation model, the generation and load set-point results
from the UC-ED calculations are directly imported into the
dynamic program and no sudden changes in unit output are
present, ACE is very close to zero. As a result, PACE is also
small.

Fig. 5 shows the simulation results of the same one-hour
period, but now with 2 GW wind power. The UC-ED of
other units in the system is scheduled to respond to this. As a
result of the significant wind power variations, the UC-ED is
changed compared to the situation without wind power: two

units are now taken out of operation (t = 2250s. and Fig. 7. Above: Scheduled (MW, grey line) and actual generation (MW,

t= 31505-) anq one unit St?rts OPeration (t = _13503)- Sin%ck line). Below: power imbalance (MW, grey line) and energy program
these conventional generation units have a minimum power  deviation (MWh, black line). All for PRP 1 for simulation b).

output level, committing or de-committing these units results
in a sudden steps in ACE. ACE is also influenced by wind
power forecast errors: apparently, PRPs are unable to take
these into account fast enough as to prevent power
imbalances, which directly result in an increase of ACE, as
can be seen in the figure.

In simulation variants d) and e), the variations of wind
power are even higher than in simulation variants b) and c)
and therefore a different UC-ED schedule has been chosen.
At t = 1350s, one large unit is taken out of operation while at
t = 2250s. a smaller unit is committed. Because of the large
wind power variations, ACE significantly increases between
t=450s. and t=1350s. Apparently, the reserves committe@ig. g. power imbalance (MW, grey line) and energy program deviation
for balancing the wind power variations (Fig. 6) are not (MWh, black line) .for PRP 1 for simulation b)
sufficient to keep ACE within a range comparable to Fig. 5.

It can be noted that for sidation e), the forecast errors
actually improve ACE performance. For some PRPs, forecast
wind power variations were actually larger than actual wind
power variations. Because of this, more capacity was
available for secondary control actions requested by the
TSO. It can also be noted that UC-ED calculates the de-
commitment of a large unit at t = 1350s. Apart from the high
possible risk for a PRP actually doing so, ACE performance
would suggest the commitment of more power reserves.

5.2.Market Perspective: E-Program Deviation

In Fig. 7, above, scheduled generation and total generation
level delivered during real-time operation are shown for oneFig. 9. Power imbalance (MW, grey line) and energy program deviation
program responsible party, PR, for simulation b) (2 GW (MWh, black line) .for PRP 2 for simulation d).
wind power, perfect wind power prediction). The scheduled

total generation of this PRP is rather constant. Because PRP1 . .
does have wind power in its portfolio, its other generatiog€/€cted for this and by any secondary control actions of

units have apparently been scheduled in such a way that wiRéRP1 itself in order to minimize energy program deviations.
power variations are balanced. Initially, PRP1 stays very N the lower graph of Fig. 7, the real-time power imbalance
close to its scheduled generation output, but at t = 450s.30d energy program deviation of PRP1 are shown for the
increases its generation. This can be explained ime .5|.mula_t|on. Clequy, PRleEtlgIIy very successful in
considering the demand for secondary control by the TSO, fginimizing its real-time power imbalance and energy
which PRP1 then responds by increasing generation unié0gram deviations. After t = 2250s., however, the real-time
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power not only has a direct impact on ACE and power
imbalances of program responsible parties, but also an
indirect one. Significant wind power variations are shown to
have an impact on commit and de-commit decisions of
conventional units in the system, which in turn trigger
strategic imbalancing by PRPs. The ACE as a result of this
then requires the TSO to apply additional secondary reserves.
Thus, even though the steady-steady UC-ED schedule is in
balance for each state, variations in real-time as well as
demands for secondary control by the TSO may require
additional ramping capabilities of the units. These must be
taken into account in the UC-ED in order to minimize power
imbalances during operation.
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Abstract— Deep sea offshore wind farms may be developed tgcenario gives an annual generation of 25 TWh, which

constitute a significant part of the total power system generatiogorresponds to about 17% of today’s inland consumption.
This paper describes a simudati study of integrating 5500 MW

offshore wind power in the Nomgian power system, using a
power market model of North-Western Europe. The result®. PROSPECTS FOR OFFSHORE WIND POWERMNORWAY
illustrates that wind energy has the potential to effectively relieve

constrained energy situations in Norway. When also considering tie1- Offshore wind turbine concepts for deeper waters

possible increase in onshore wind generation and hydro generati@ffshore wind farms have so far been installed at shallow

the simulations indicate a need for increasing the cross-bordgfaters (-30 m) using gravity base structures or mono-piles.

transfer capacities in order to avoid hydro spillage and thugqyever, the potential at deeper water is huge provided that

enhancing the po§5|b|I|tles of exporting large amounts of renewab osts can be reduced to a competitive level. The relevant

energy to the continent. . . . .
technologies for fouration appear to be tripod or jacket

Index Terms— hydro power, offshore wind power, power support structures (-70 m) crloating concepts for greater
exchange, power market. depths.

1. INTRODUCTION The use of tripod _and jacket _foundations are well known
Th ind ide th from the offshore oil and gas industry, but these must be
N ere are vast V;"n f% ;?sr?urceg dOlthS' etht te scaled in size and costs toditfshore wind turbines. OWEC
todrweg|an %oa.llf mte. rr]HI:lonr ? S orihwml tarrr;s ﬁ tTower AS has designed a jacket substructure which was
oday are bullt at shallow waters with Telalively ShOrtgg acteq for the Beatrice Demstrator Project [1], while
transmission d_lstances to the mainland, the most promising o, kyzerner is to deliver substructures for wind turbines
prospects outside Norway are at water depths fror_n 30 to 1y the coast of Germany arkitance [2]. Hydro has recently
meters, located more thar_1_50 km f_rom s_hore. This is maniyeased ambitious plans for their floating concept HyWind
because of public opposition against w_|n(_1 farms close B The concept is simple in the sense that it may use any
shore and onshore, and because the majority of areas out

the N ) i de Th | e-of-the-art wind turbine which will be fixed to a floating
€ Norwegian coasliné aré aeep sea. Ineraré Several .oncrete supstructure and then only requires some additions

ongoing research and development projects on the designi@fine wingd turbine control system. An alternative floating

different bottom-supported and floating wind turbines, givin%noncept is promoted by SWAY [4]. Here a downwind
hopes for future exploitation of the enormous offshore win Urbine is assumed, and the upper part of the tower is

potential at deeper waters. streamlined to minimize the sturbance of the wind acting

. on the rotor. The tower is stiffened by a taut cable
De?p sea offshqre wind farms may be developed terangement on the upwind side of the tower.
constitute a significant part of the total power system

generation. This implies that there are system wide impac#?2.Grid integration

related to transmission planning and system operation thglevelopment of deep sea offshore wind farms in sizes of
need to be addressed. &nthe existing power supply some tens of MWs is interesting for supply to offshore
consists almost enély of hydro power plants, a high wind oilrigs. But in the long run deep sea offshore wind farms
penetration will raise new challenges in how to optimallyconnected to the main grid may be developed to constitute a
utilize the hydro reservoirs with respect to balancing shorkignificant part of the total power system generation. A very
term and seasonal wind variations. In contrast to dispersggrge offshore wind farm, say 1000 MW, is likely not built in
regional onshore wind farm development, the offshore win@dne block, but rather as five blocks a 200 MW (or in that
scenario implies large blocks of wind farms connected tgrder). The reason for this is partly that a large block would
relatively few central grid nodes. Thus, handling ofappear as a roughness element in the sea and by that reducing
transmission bottlenecks in the central grid becomeghe wind resource over the site. At a block size smaller than
especially  important,  including utilizaton  of 200 MW this effect is less pronounced. Other reasons are
interconnections to other countries. limitations of electrical equipment to handle such high power
and for improving the technical availability.

This work addresses system implications of large-scale
offshore wind power integrated in the Norwegian power The most important factor f@hoosing grid structure is the
system. A scenario with 5500 MW offshore wind power insize of the wind farm and ¢hdistance to the connection
Norway has been studied regarding the impact on electricifyoint. Until a recently it has been a well established “fact”
price, transmission bottlenecks and hydro power utilizationthat the use of conventional AC cable transmission is limited
With an estimated capacityadtor as high as 50%, the to relatively short distances. The reasoning was mainly
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because of the cable capac@ar(F/km) that causes reactive 3. POWER MARKET MODEL
current and hence reduction oéthable capacity to transport The analysis uses a new power market model of North-

active power. Using reactors or similar to counteract on thig/estern Europe [5]. The model was originally developed for

makes it however viable to transmit power on AC ovektdying the impact of wind power on the power prices in
longer distances. HVDC is still an alternative, either base@yjestern Denmark, but expded and adapted for the

Converters (VSC). model, and the basic model parameters used, such as
2.3.Wind conditions installed generation, power exchange limits and marginal

There are enormous areas at deeper waters outside gnerating costs, are giv_en in [5]. The model consists (.)f :_six

Norwegian coastline which could be available for developin fee areas, _shown In Figure 3, conngcted by transmission

offshore wind farms. Knowing that the wind conditions at nes constramed by active power limits. T.O calculate t_he

the Norwegian coas:tline are ang the most favorable in optlmalld|spatch of generators, a quadrgtlc programming

Europe and that the averagendiispeeds generally increasesmOdeI 1S used whe_re each generator is defined by s

with the distance from the shore, it is expected that offshor%u""dr‘f."tIC cost function and upper bounds on generation
. ’ . . capacity.

wind farms located 50 km or more off the coast will achieve

very high average production pr MW installed.

To estimate the production potential, hourly wind series for
year 2005 from five representative measurement stations has
been combined with a noritilled wind power curve based
on a state-of-the-art wind turbine suitable for high wind
speed sites. Figure 1 and Figure 2 compare the normalized
sum of production with a similar onshore wind power series
and the actual wind generation in Denmark-West. The
estimated utilization factor for offshore wind power is about
50%. This is indeed much higher than what could be
expected for onshore wind wer in Norway, with typical
utilization factors ranging from 30% to 40%. Taking all
uncertainties into account, it is emphasized that the estimated
utilization factor for offshore wind power is indicative only,
but it is nevertheless reasonable to expect that that the
production potential pr MW installed is much higher than
onshore.

Figure 3. Price areas and their interoections, as defined in the power
1

market model. Copy from [5].

y i Estim.';ned 5 oﬁ;hore wi‘nd farmsi NO
0.8\, Estimated 5 onshore wind fams, NO Wind power is modelled as having zero marginal cost and
| mm——— Historical onshore, DK-W . . : : :
ool | wind power in Norway is represented by the time series
‘ o, described in Chapter 2. Historical production data is used for
0.4l e i the wind generation in Denmark-West and Denmark-East.
Due to lack of specific data, German wind power is simply
0.2 - modelled by up-scaling and shifting the time-series for

‘ ‘ ‘ ‘ ‘ ‘ ‘ oo Denmark-West a certamumber of hours [5].
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Reference [6] shows how hourly variations in wind power
Figure 1. Duration curves for estimated offshore and onshore wind power iGutput from turbines are correlated depending on spatial
Norway, and for actual production in Denmark-West, 2005. distribution. For the Nordic countries, with distande
o between the wind farms, the correlation coefficientis
Estimated 5 offshore wind farms, NO found to approximate;
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To prepare wind power dafar Germany, up-scaled wind
'. vr lf\\\ Al data for Denmark-West is L_Jsed, only _shifted by a number of
ool ¥ONUAY A VA aa AR hours such that the corrétan coefficient becomes 0.55,
VoYY ONA N Y T corresponding to aapproximate averagdistance of 300 km
8 between main wind sites in Germany and Denmark-West.

Hydro power, which dominates in Norway and Sweden, is

Figure 2. Weekly average power output for estimated offshore and onshorghgdelled based on actual observed operation of hydro power
wind power in Norway, and for acturoduction in Denmark-West, 2005. iy gcandinavia, also taking into account variations in inflow
and utilization of hydro reservoirs. The marginal cost is set

equal to the water value, calculated from a regression model
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described in [5] which captures well the scheduling of hydro
power on an aggregate level without performing a full

stochastic dynamic optimization of all hydro reservoirs. See
Figure 4 for a comparison of historical prices and simulated
water values, and Figure 5 for a comparison of historical and
simulated hydro reservoir levels.

Hour by hour, the model goes through four steps; First,
normalised wind power output is set according to synthetic
or historical data-series and multiplied with the installed
capacity. Next, water values are calculated based on current
res_er\_/0|r levels. Th_en’ the 0pt|mal generator d'SpatCh th%Fgure 5. Simulated reservoir level fidorway for three different inflow
satisfies the loads in all areas is found, and the solution 4gries plotted together with the ré&torical median. Copy from [5].
stored for the particular hour. Finally, the level in all hydro
reservoirs for the next hour is updated based on inflow
production, and spillage during the current hour. Simulatioff- SIMULATION CASES
results are area prices, power flow on tie-lines and generatbhe aim of using the power market model in this work is to
outputs for each hour of a whole year or several years. study some possible system impacts of integrating 5500 MW
offshore wind power in Norway, based on wind speed
For the simulations described in this paper, 21 years #heasurements representative for offshore wind conditions.
chronological hydro inflow data has been used for capturings described in Chapter 2, the estimated capacity factor is as
the year-to-year hydro power variations and long-ternfligh as 50%, resulting in an annual generation of
development of the hydro reservoir levels. The time seriegpproximately 25 TWh. The timeline for developing and
for wind and load are held cdast from year to year, using building offshore wind farms at deep waters are of course
2005 data as a reference case. For Norway, the totégry uncertain, but nevertheless we believe that large-scale
consumption in 2005 was about 120 TWh, which equals toffshore wind development within year 2025 could be
the average yearly hydro iof. Assuming the same wind plausible. Therefore, year 2025 has been chosen as a
for all years is a rough approxation, since the annual wind reference year for the simulations.
generation may in reality vary £ 20% [7]. Results obtained
here are still considered reasbleafor the purposes of this Five possible cases for the situation in 2025 have been
study, but future work will include analyses of the impact oflefined. Construction of detailed scenarios have not been the
year-to-year variations in wind generation. focus here, it has rather been chosen to highlight some
important factors that will impact on the way offshore wind
power is integrated in the system. The simulation cases (in
addition to the reference case for year 2005 described in the
previous chapter) are listed below:
€ CaseA
0 As the reference case for year 2005 but
with 15 TWh annual load increase in
Norway.
€ CaseB
0 As Case A but added 5500 MW (25 TWh)
offshore wind and 3100 (10 TWh) onshore
wind in Norway.
€ CaseC
0 As Case B but added 10 TWh small hydro
and 10 TWh conventional hydro in
Norway.
€ CaseD
0 As Case C but including a 3-fold increase
in wind power production in Germany and
Figure 4. Observed and simulatedt@ravalues. The 364 week model fit Denmark
(soild line) is usedn the simulations. Copy from [5]. € CaseE
0 As Case D but added three new sub-sea
interconnections: 1200 MW to UK, 1400
MW to DE and 600 MW to DK-W (UK is
a part of price area ‘U’ in Figure 3).

A load increase of 15 TWh, added to the 120 TWh actually
consumed in 2005, is assumedilhcases. In a ‘ideal’ future
situation with a much higher share of renewable power, it
could be argued that theeetricity consumption should
decrease due to higher environmental consciousness and
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more efficiency energy end-usexemplified by more use of
heat pumps instead of directefrical heating in houses. On  The seasonal production pattern for Norwegian wind
the other hand, more renewable power generation could alpower roughly follows the load pattern, as opposed to hydro
trigger shifts from fossil fuels to electricity especially forinflow. Moreover, earlier studies of the long-term variations
covering the energy demands in the offshore sector (oil and wind generation and hydro inflow shows a low correlation
gas rigs) and in the transport sector (more use of electiietween dry years and yearghMow average wind speeds
vehicles). [7]. The results from Case B with 35 TWh added wind
energy, shown in Figure 7, clearly illustrates the benefits of
The cases are structured for being illustrative and onlintegrating wind farms in the Norwegian power system. The
weakly based on plausible future developments. Case Wedian reservoir level is significantly higher than for the
represents a tight power balance situation with no neweference case and Case A. Compared to Case A (Figure 6),
generating units in Norway. Case B adds a total of 35 TWthe minimum simulated level is raised from 6% to 16% of
wind generation, whereof 10 TWh is onshore windthe reservoir capacity, illustrating that wind power has the
Although the main focus of this work is offshore wind, it ispotential to effectively relieve constrained energy situations
important also to take into account that Norway has a very Norway.
high onshore wind power potentidhere are plans for large
onshore wind farms along the coastline from south to north,
and it is plausible that a many of these projects will be
realised the next 5-15 years. Similarly, there are a good
potential for small-scale hydro and for upgrading existing o
conventional hydro. By also accounting for the predicted 60
increase in inflow due to climate change, it is reasonable to
expect at least 20 TWh new hydro generation, as suggesteds |
in Case C. 3o}

100

505

Reservoir level [%]

20

Since the ambitions for building wind farms in Germany
and Denmark have been much higher than in Norway, a o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
future with large-scale development of offshore and onshore 1000 2000 3000 T4000[h 50?0 6000 7000 8000

. . . Ime [hours
wind power in Norway would most probably also imply
further expansion of wind power in those countries. Based dfigure 6. Simulated hydro reservoir I¢ireCase A (15 TWh load increase),
scenarios presented in [8]}[9Case D assumes a 3-fold using 21 consecutive years of inflowta@aThe solid thick line is the median
. . . : . level. The dotted thick line is the wlian level for the reference case.
increase in wind generation in Germany and Denmark:
Although this part of the angdis is strongly simplified due
to the chosen system boundaries for the simulations, is it
nevertheless interesting to investigate how new wind power
in Denmark and Germany will affect the simulation results.

10+

Case E includes new interconnections which add up to
3200 MW exchange capacity to and from Norway. This is
based on a scenario described by the Norwegian TSO in [10],
where the role of Norwegia hydro power as flexible
generation in the European power system is enhanced.
Equally important, new interconnections will increase the
possibilities for exporting Norwegian offshore wind power to

Reservoir level [%]

countries with a high share édssil power plants, and thus " lo0 2000 3000 4000 5000 6000 7000 8000
reduce C@emmisions and electricity prices. Time fhours]
Figure 7. Simulated hydro reservoivés in Case B (15 TWh load increase
and 35 TWh wind generation), using &nsecutive years of inflow data.

5. RESULTS The solid thick line is thenedian level. The dotted thick line is the median
level for the reference case.

5.1.Wind impact on hydro reservoir

With no load increase, i.¢he reference case, there is a
balance between production and consumption in an ‘average’2. Wind impact on electricity price

hydro inflow year. On the other hand, the ye_arly in_flow MaYsince the Norwegian power sgat is almost entirely based
vary up to + 30% of the average value, causing a risk for 10w hydro power, electricity prices are especially sensitive to
reservoir levels in late winter before the snow meltingg,y reservoir levels, which cause risks for energy shortages
season. A load increase of 15 TWh will worsen the situationy the winter. Historically, higlprices are therefore observed
and may give rise to undesirable price levels, especially, autumns and winters with lower reservoir levels than

consecutive dry years areitmal. Figure 6 shows the norma| since most of the pretation in the winter season
simulated reservoir levels for Case A with 15 TWh load.gnnot be utilized for power production until the snow

increase. For comparison, the median level from simulatingwmng begins in the spring.
the system with no load increase (reference case) is also
shown.
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Since wind power reduces the needs for using the stored 144 - - R -
hydro energy in the winter, it will most likely have a very w0t e A
positive effect on the winter prices. This effect is indicated

by Figure 8, which shows thdhe winter peak prices are
significantly lower when introducing a high share of wind
power in the system. In the summer season of wet years,
wind power will contribute to very low price levels. Figure 8
shows some occurrences dferos price, caused by 200 keemy i
completely filled reservoirs.
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As a comment to the parameters used in the simulation
model, it is observed from Figure 8 that the summer priceggure 9. Duration curve for price Morway for simulation cases A-E.
very seldom are between zero and 200 NOK/MWh, although 3 \ving impact on power exchange

expected in situations with high degree of reservoir filling.

The discrepancy can be explained by how the water valJg the refere_nce_ case, there is balan_ce petween consumption
function is tuned based on historical prices and reservoff’d 9eneration in Norway when considering the 21 simulated
data, see [5] for further details. Future modelling work willY6arS as @ whole. In Case the energy balance is shifted
therefore include a further refng and tuning of the water N€gatively by 15 TWh. Due to the variations in hydro inflow,
value equations. the net power exchange is not constant from year to year.
Figure 10 (Case A) shows a negative balance of 30 TWh in
reeencecmse | & the worst year, and only two years with a slightly positive
1200 vvrree Case A: 15 TWh load increase i ] balance. By adding 35 TWh of wind (Case B), the shape of
1000} Case B: Added 35 TWh wind ] the curve is almost unchanged, shifted 35 TWh in a positive
i direction. This further stremigens the observation that the
Norwegian power system is capable of handling large
amounts of wind energy, although it is emphasized that this
study assumes no year-to-year wind variations and no
internal bottlenecks in the Norwegian grid. Knowing that the
integration of wind farms in e.g. the Northern parts of the
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2 4 6 8 10 12 14 16 18 20 2 country is limited due to lowower transfer capacities, a
Hydro inflow year . . . . . .
scenario with 35 TWh wind may imply extensive grid
Figure 8. Simulated price in Norway for Case A and Case B. reinforcements at transmission level.

Figure 7 shows that Case B with 35 TWh wind generation . . ffect is ob d when furth ddi
causes some occurrescef full reservoirs and this explains An interesting effect is observed when further adding 20

the periods with zero price. With 20 TWh new hydro, asT,Wh hydro (Case C). The yeartyxport p.attern is altered
simulated in Case C, there will be a higher tendency of hydr%nce the new hydrq power mchaldun-of—rlvgr plantg fully
spillage, as can be read from the price duration curve ﬁorrelgtgd to 'the existing hyslpower regf”‘r‘."”g the inflow,
Figure 9. Furthermore, a 3-fold increase in wind generatiof'uS 9iving higher yearly exchange variations. Furthermore
in the neighbouring countries Germany and Denmark (CadB€ average yearly export it increased fully by 20 TWh

D) gives less possibility for exporting excess power in we ue to hydro spllla_ge. Th|_s is especially gwdent for wet years
years, but the small difference between Case C and D pear _11 and 21 in the f|gure_)_. Increasmg the cross-border
Figure 9 indicates that this have a relatively low effect on thgapacn)é thus has a very posn}ve e_ﬁ;]ect in the wet years, as
simulated prices in for Norway. One explanation is the higff€€" When comparing cases C/D with E.
value used for cross-bordeapacity between Germany and [xnees A B -=--C o
the rest of the UCTE (14650 M)\Vcalculated as the sum of
the Net Transfer Capacities found in [11]. Hence, new wind
power in Germany will mobt displace fossil plants.

d

Adding a total of 55 TWh of new generation in Norway
was seen to cause zero pricesryiparts of the summer as a
result of hydro spillage, meaning that potential hydro energy
will be wasted. By strengthening the cross-border capacity
between Norway and the neighbouring countries, it is
possible to utilize more renewable energy. Figure 9 shows
that the total share of zeroige hours over the 21 simulated 2 4 6 8 10 12 14 1 185 20
years is reduced from 14% to 6% by adding a total of 3200 Hydro inflow year

MW e).(Change capaci?y (goingoin Case D tQ E). A furthe'j Figure 10. Net yearly energy exported from Norway to the neighboring
reduction of hydro spillage should be possible by includingountries for simulation cases A-E.

Iong-ter_m wind power forecasting in the water va_lue . Comparing Case C and D in Figure 10, new wind power in
calculations. The results presented here are conservative in

this sense, as the water values are updated each time step s a o and Denmark has little effect on the net export
; ' ; P P #3:4 Norway. It is also seefrom Figure 11 that yearly
function of the reservoir level only.

export to Sweden is not remarkable affected. However, an

Net export from Norway [TWh/yr]
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interesting observation is that the export to Sweden is
reduced when simulating the system with new
interconnections between Norway and the neighbourin
countries. Since the generating capacity in Sweden
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dominated by cheap hydro andciear power, it is more cost This work is part of the project “Deep sea offshore wind
effective to export renewable power to the other countriegiirbine technology” financed by the Research Council of
and thus release capacity on the power lines between Norwdprway and Norwegian industry. See [12] for project info.

and Sweden.
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Figure 11. Net yearly power export from Norway to Sweden for simulation
cases A-E.
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6. CONCLUSIONS [10]

Deep sea offshore wind farms may be developed ti31]
constitute a significant part of the total power system
generation. There are several ongoing research ar[@]
development projects on the design of different bottom-
supported and floating wind turbines, giving hopes for future
exploitation of the enormous offshore wind potential at

deeper waters. This paper has presented a simulation study of

integrating 5500 MW of offshore wind power in the
Norwegian power system,nd also taking into account
further development of onshore wind farms and increased
utilization of the inland hydro power potential.

The analysis uses a power nket model of North-Western
Europe, adapted for the purposes of this work. The model
consists of six price areas, connected by transmission lines
constrained by exchange limits. The system has been
simulated hour-hour using 21 years of hydro inflow data.
The time series for wind is heltbnstant from year to year,
which is a rough estimation. However, based on experience
from previous studies, the results here obtained by using one-
year wind data is considered fair for the purposes of this
paper. Future work will include analyses of the year-to-year
variations in wind generation, further refining and tuning of
the water-value calculationsné increasing the number of
price areas in the model to analyse the impact of limited
power transfer capabilitywithin each country.

The results illustrates that wind power has the potential to
effectively relieve the congtined energy situations in
Norway, exemplified here with 35 TWh offshore and 10
TWh onshore wind generation. When also taking into
account a plausible scenario with 20 TWh increase in hydro
generation, the results indicate a need for increasing the
cross-border transfer capacities. This is in order to reduce
occurrences of hydro spillage due to inland energy surplus,
thus enhancing the possibilities of exporting large amounts
of renewable energy to the continent.
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50 % WIND POWER IN DENMARK

A PLAN FOR ESTABLISHING THE NECESSARY ELECTRICAL INFRASTRUCTUREC

Niels Andersert, Claus Overgaard Jensef
SEAS-NVE, Denmark

Hans Henrik Lindboe’Ea Energy Analyses, Denmark

Il. GRID DEVELOPMENT

Abstract— On 19 January 2007 the Danish Government published The prInCIpIes. of grid control f:ontaln tWO paramfeters: the
“A Visionary Danish energy po"cy“ Out"ning energy po“cy active and reactive pOWGI’ Main fOCUS IS on active pOWGr

objectives towards 2025. One long term goal is to make Denmarkcontrol and the reactive power is assumed to be controlled by
independent on fossil fuels and the proposal includes an aim for the central power units connected at the 400 kV grid as well as
2025 of doubling the share of renewable energy in the energysmaller mechanical switched devices.

supply to 30 pct. In the proposal it is mentioned that an important

contribution could come from doubling the wind power capacity

from 3000 MW to 6.000 MW in 2025 thus covering 50 pct. of the

Danish power demand.

SEAS-NVE and Ea Energy Analyses has conducted a study on
how to physically incorporate the increased wind capacity in the
Danish electricity system without constructing new high voltage
overhead lines. It has been assumed that there is an upper limit of
3500 MW regarding possible land based capacity in Denmark.
This means that a major part of the increase in wind capacity will
be off shore. To reach the goal of 50 % wind power in 2025 the
study assumes that another 2.250 MW off shore windpower shall
be established around Denmark.

This paper concludes that it is possible to establish more than
2000 MW off shore wind farms in Denmark without construction
of new overhead lines and at an integration cost of DKK 3,5 mill.
per MW wind. It is proposed in this study to make extensive use
of HVDC-VSC technology for the reason of economy and to
increase active power control in a system with an extensive wind
penetration.

When the share of wind power grows the production from
. the large thermal units (centralised units) decreases. These
Index Terms- 50% wind power, power system . ; .

i . . its will more and more often be shut down due to low prices

development, grid re-inforcement, Environment, FACTS, vsg!
HVDC. in the market or due to the system balance. Thereby the
controllability of the system decreases. The use of grid
enforcement can result in loss of huge areas of smaller
o o o ) production units with a total power well above the N-1 criteria

A well functioning and sufficient grid is an assumption tg, 1o area. When building more connections and make grid
secure supply and serve the need of the market 8 0 meshed a fault in the grid will result in a voltage drop in

accommodate renewable energy and to handle the ele%q‘érger area, thereby more production units will be affected of

supply readiness [3]. the fault The central power units have traditionally been used
for control of the voltage, but with more frequent
disconnection of these traditional power units this service is
required from elsewhere. The offshore wind farms can to some
extent and costs supply the steady state demand but poorly the

I. SYSTEM DESCRIPTION

! Niels Andersen. Email: na@seas-nve.dk.

2 Claus Overgaard Jensen. Email: coj@seas-nve.dk. dynamic requirement. _ _ _
With SEAS-NVE, Phone: +45 70 29 29 29 FACTS are a collection of electronic controlled devices
Address: Slagterivej 25, 4690 Haslev, Denmark. which are able to both support the grid and solve some of the

3 Hans Henrik Lindboe. Email: hhi@eaea.dk. above discussed disadvantages.



Taking the above mentioned problems and possibilities intanderupgard serves two purposes to export the wind power to
account, the map on page 1 shows the main solutions chosem $trong connection point and to stabilise the general 400 kV
the grid development plan proposed in this project.

It is proposed to establish a total of nine offshore wirtdvDC, but with the VSC HVDC which also can be used as a
farms, of which five are located in Western Denmark and foonulti terminal (i.e. a DC link with more than two stations).
in East. Seven of the farms are 250 MW in size and the
remaining two 350 MW and 150 MW respectively. Three of DC connection from Galtho to Idomlund/Norge

the four farms in the East will be connected to strong points inThe connection Galtho

grid. The HVDC connection will not be with the traditional

to Norway is

the grid by use of HVDC-VSC. All five farms in westerrsuggested instead of the planned Skagerrak 4
Denmark will be connected with 150 KV AC technology.

Wind farm Size, MW Total cable; Technology
Km
Denmark West
Horns Rev 3| 250 60 AC 150 kv
Horns Rev4 | 250 60 AC 150 kv
Vestkyst 1 250 50-55 AC 150 kV
Vestkyst 2 250 50-55 AC 150 kV
Jammerbugt | 250 70 AC 150 kv
Denmark East
Rgdsand 3 250 135 HVDC-VS(
Rgdsand 4 250 135 HVDC-VS(
Kriegers flak | 350 80 HVDC-VSC
St. Middelgr.| 150 70-75 AC 132 kV

Apart from establishing and connecting the wind farms tlg) shore wind farms. The HVDC VSC transmission top

most important feature in the plan is to move a planned

link to Norway further south than planned and establish t
connection as a DC Multi-terminal. In the following th
different elements of the plan are presented and discussed.

400 kV connection Endrup and Galtho

The
contains

connection
two

major

differences from today.
The establishment of a
400 kV cable (1) and a
new 400 kV station in
Galto. The Galtho station
shall serve as a collection
station from three of the

planned
windfarms.

off-shore

connection from Tjele. Thereby the transmission
to Norway is established from another point than
Tjele. Idomlund could become a fourth terminal
in the DC backbone grid, if further detailed

studies show the necessity.

The purpose of moving the DC link to Galtho
also serves the aim to avoid a planned 400 kV
OH line from Endrup to Idomlund. This solution
makes it possible to utilise the North (Norway) —
South (Germany) transmission as if the
Skagerrak 4 was terminated in Tjele together
with the Endrup — Idomlund OH line.

According to evaluations made in the study it will not be
necessary to extend the grid on Zealand due to the new

ﬁgnnected to the farms will serve the purpose to keep the grid
in” control with only a few central power plants in operation

?Today six central power plants is needed in operation in

Denmark as a whole and five will be needed when the Great
Belt HVDC is in operation)

I1l. CONNECTION OF OFFSHORE WIND FARMS

The wind farms can be connected by either HVDC or
HVAC. The connection method will depend on size and
distance. As a rule of thumb the AC solution is preferred at
distances below 50 km and DC is preferred at distances above
80 km. While the AC cable can transmit some 250-300 MW
(largest cable transmission today is Nysted with 166 MW), the
DC cable solution able to transmit up to 700 MW in one
system (largest transmission planned today is Borkum 2 at 400

By establishing the 400 kV cable two main objectives a4V and 203 km).
achieved. Firstly to avoid building overhead (OH) lines and
secondly to avoid laying several 170 kV cables systems. The10mns Rev
400 KV cable is intended to be operated at 150 kV with HornsAt Horns rev, two
Rev 2 until Horns Rev 3 and 4 will be build and the cable f0re wind farms with
upgraded to 400 kV as the station in Galtho established.

DC connection Galtho — Landerupgéard

The
connection
Galtho

DC
from
to

a total of 500 MW
are planned in
addition to Horns
Rev 1 (in operation)
and Horns Rev 2
(decided)
These will be connected in Galtho with a distance off app.



60-80 km. Further studies may show that a HVDC solution The HVYDC-VSC is a relatively new technology based on
could be a feasible alternative. The AC cables are expected@BT converters with the first demonstration project in 1997.
be connected at 170 kV with a transformer both in tHehe technology is also called voltage source converter. The
receiving end and at the wind farm. By using transformerspower level for HYDC-VSC range from 10 MW to 700 MW.
both ends of the cable transmission to shore, the voltagee technology is suited for the same projects as conventional
variation on the cable can be limited and the voltage can W&DC, but has additional advantages in offshore connection
kept close to the rated voltage during all operation conditio$.windfarms, multiterminal DC grids and in weak grids. The
This will ensure an increased transmission capacity additional mentioned advantages are expected to be used when

approximately 10%. the central power plants are not in operation.

Kriegers Flak The traditional HVDC will probably need additional

Kriegers Flak is situated in the investments in order to be able to function with an off-shore
Baltic Sea some distance from the transmission. The table below shows the range where projects
400 kV transmission grid, which is with the different technologies are most likely to be carried
quite strong and short in the eastern out.
part of Denmark. The 132 kV grid is
closer to Kriegers Flak, but with the AC HVDC HVDC-
construction of the Rgdsand 2 the offshore VSC
132 kV grid is at its limit and can Voltage | kV 132-220| 150-600 60-300
therefore not transmit substantially more power. Thereforeansmission* | 200-300 | 200-2000 10-700
new farms at Kriegers Flak or at Radsand require eith@y
additional grid extensions or that the new wind farms |afength | km 10 - 100! 30-=580 30-580
connected directly at the 400 kV Losses | 100 km, medium  Low medium
grid.

) o Technology Known Known New

Kriegers Flak is situated at Delivery time Long Long Medium

the border between Denmark, Cables 3 1or?2 2

Sweden and Germany: The Multi terminal Yes Max 3 Yes

Swedish part has a potential Design Simple Complex Simple
500-660 MW and the German part app. 330 MW. The c:?

rculating currenty Yes No No
distance to the Danish 400 kV grid will be some 80km, v |E grid enf%rcement
55 km sea cable and 25 km land cable.

It is estimated that connection of 600-800 MW wind po v”gable overlc_)ad Yes No No
A . » . n. Reactive pwi No No Yes
in Bjeeverskov can be done without additional extension off t
400 kV grid support
' Isolate disturbances No Yes Yes
When connecting the Kriegers Flak wind farm it is obvig délack-start Yes No Yes

at the same to connect the Swedish, German and Danish ,c%@}?@b'“ty
(red lines) and thereby establish an interconnection between . ) L
the three countries. This interconnection does not require VSC,some oj[he_r advantages which are important to mention in
HVDC technology for all three connections, but it might be tH%C transmission compared to AC are:

economically most feasible solution.

Emergency power support and mutual assistance. Both AC and
IV. DISCUSSIONS DC can support a grid, but V\_/i_th DC the support can pr_edefin_ed
to match the actual capability of the connecting grid. This

The HVDC and HVDC-VSC implies that it is possible to isolate the disturbances and have a

The conventional HVD,C IS a We”, proven technolpgy bas,elgire-wall’ against cascading outages as well as give maximum
on Mercury arc valves since the mid 50s and thyristors s"l‘i?pport without jeopardize the supporting grid
mid 70s. The technology is also termed line commutated '

HV_DC' The teCh”‘?'OQY is mainly suited fqr large pf’i”t © The HVDC-VSC generates/absorbs in addition to the power
point power transmissions above 300 MW with large d'StanCt?ﬁnsmission VARs, which are needed to maintain system

800'1090 km. The technology is alsp ;uited for asynchron%tage and stability. This is supported in the AC grid through
connections as well as cable transmissions above 50 km. Et%%ncentralised power plants

though some articles claim that the conventional technology
can be used for offshore wind farms connection, it is expecgl@i

ivol hnical difficulties. Th ; e DC has no distance limitation. At full power the DC will
Egéq\ézr:ﬁqgfat technical difficulties. Three companies SUPR, e no additional reactive power. On the HV grid AC cables
ique.



will compensated using reactors which are likely to create The shown example could be a layout on the Kriegers Flak.
resonances in the grid, which is expected to cause problem3he converter size could range from 300-700 MW. The
due to the very low losses. suggested voltage could be some £300 kV. With 1600 aCU
cables the transmitted power in each cable par could be 1000
Complementary to the DC connections the existing and n&\W. With the technology it is possible to connect converters
AC transmission combined with FACTS technology will tan parallel.
some extent be able to achieve the same capability as the DC
except for the cables transfer capability. Losses
The losses of transmission are not fixed but will be
optimised together with the capitalisation. When HVDC-VSC
Multiterminal converters are brought into questions the focus is often on the
The HVDC-VSC technology is suited for so called multiosses. However one has to keep in mind that both AC and DC
terminal technology. A multi-terminal HVDC Transmissionransmission causes losses. The losses are not only connected
System consist of three or more HVDC substations that &€ the transmission to shore but also to the existing
geographically separated with interconnecting transmissigAnsmission grid, the step up transformers, the interturbine
lines or cables. grid.

As an example a wind farm 120 km offshore of

The converters can be connected to different points in @Sproximately 300 MW is used as an example for the losses
AC grid or even to different AC grids. The choice of DC grids

can be radial, meshed or a combination of both. In the f t\tlc -

. . . . . . - osses in MW AC DC
multi-terminal configurations and grid alterations might [be -
done in a "plug and operate" fashion, with continued rolp §bles 2x132 KV three| 2x150 kv single
performance. However the extension of the backbone DC |grid phase phase
is restricted to the problem with selectivity on the DC side. “WT transformers 2.1

The main advantages of a multi-terminal configuration) lgter turb cables 3.0
that you can feed in or out several different places in the |gfdfshore 1.4
in a controlled manner. Main Transformer 14
Transmission cable 15
With HVDC VSC technology it should be less challengingrid transformer 1.4
to develop a multi-terminal HVDC grid than withTotal losses 23.1 19
conventionally HVDC. In a “conventional” multi-terminat 77 % 6.3%

HVDC currents need to be balanced, but with HVDC V =

¢ hich it trolled. th . q Hy increasing the voltage to 220 kV the losses will decrease on
converters, which are voftage controfled, there IS o NEE0yR Ac transmission cables and the cable might be reduced to
balance the currents.

one three phase cable but will still be comparable with the DC
Muliterminal solution. The two largest three phase cables in operation are
6 terminals still the Nysted 132 kV and 165 MW cable and the Horns Rev
170 kV 160 MW cable.

Converter Converter By using the DC solution one might deliver reactive support
land land . ; . . .
and thereby increases the voltage in the on-shore grid, this will
decrease the overall losses or with DC continue to a more
suitable connection point and thereby avoid increased grid
Wind losses.
Fam
Wind DC DC | | Wind
Farm | ] platform platfomn Fam
/ Wind
Wind Wind Fam
Fam Fam DC
platform
Wind
Fam
Wind
Converte Fam

land




Economy [4] Vindkraftspark — Kriegers Flak, underlag for uttkat
The table below shows the total costs to connect the offshore samrad, Niels Andersen, Peter Christensen NVE for
parks and reinforce the grid as described in the present paper.Vattenfall, November 2003.

Regarding the investment for the connection to Norwgéél) Global experience curves for wind farms, M. Junginger*,
(Skagerrak 4) it is the difference between the proposed (V A. Faaij, W.C. Turkenburg, Energy Policy 33 (2005) 133—
and the planned (Traditional) HVDC connection that is 150,

included. The investment allows for the integration of
additionally 2,250 MW of off-shore in the Danish electricity

system at a total of 7,940 mill. DKK. This corresponds to a
cost of DKK 3.5 mill. per MW wind.
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Comparison of Control Schemes of Wind Turbines
with Doubly Fed Induction Generator
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Abstract— Validity of wind turbine model for power system
stability studies has been important as the penetration of wind
power generation in the power system increases signi cantly.
Variable speed wind turbines with doubly fed induction generator
(DFIG) are the most common technologies used in today's wind
power generation. So far, there is no agreement on generic model
of this type of wind turbine. Different control schemes of wind
turbine with DFIG have been presented in many publications.
However, comparisons of the different control schemes and their
in uences on the stability study are rarely found in the papers.
This paper investigates different control schemes implemented
in wind turbine with DFIG for power stability studies, which
include the speed/power controls and the pitch controls.

Index Terms—Doubly fed induction generator, dynamic sim-
ulation, induction generator, voltage stability, wind turbine.

I. INTRODUCTION

ALIDITY of wind turbine model for power system rig 1. General structure of model of wind turbine with DFIG

stability studies has been important as the penetration
of wind power generation in the power system increases
signi cantly. Variable speed wind turbines with doubly fedgenerator and drive train, a rotor converter, a turbine rotor
induction generator (DFIG) are the most common technologigfodel, power/speed controller, a voltage and reactive power
used in today's wind power generation. Up to now, thergontroller, a pitch controller and grid-side converter.
has been no agreement on common models for this type ofrhe generator and drive train models for wind turbines
wind turbine. Different control schemes of wind turbine withyre relatively well established. The generator can be modeled
DFIG have been presented in many publications [1] to [13}ither as a rst-, second- or fth-order induction generator
Nevertheless, comparisons of the different control schemes gngdel, depending on the nature of studies. The commonly
their in uences on stability studies are rarely discussed.  ysed drive-train model for system stability studies is the two-

This paper is aimed at investigating different contrhass model. Although one-mass model is also acceptable for

schemes implemented in wind turbine with DFIG for powepng-term voltage stability studies. For stability studies, the
stability studies. These control schemes include the speed ﬁmﬁne rotor is suf ciently modeled using @p(,; ) lookup
active power control, the pitch compensation controller and thgyle. The rotor and grid-side converter is modeled as a voltage
torque controller. The signi cance of these different schemegyrce converter. The grid-side converter regulates the dc-link
on wind turbine response during disturbance is discussggjtage according to a scheme shown in Fig. 2.
Based on the controller comparisons, some recommendationgegarding pitch controller and power-speed controller, so

for developing generic or common models of wind turbineg there is no agreement among authors. For that reason, in

with DFIG are presented. . this study, different control schemes presented in literature are
In this study, voltage and reactive power controllers a@mpared and evaluated.

not discussed since the controllers presented in papers are

relatively similar.
IIl. DISTURBANCE MODEL

Il. OVERALL MODEL STRUCTURE In order to compare response of the different control
General structure of a wind turbine model with DFIG ischemes, two types of disturbances are applied in simulations
shown in Fig. 1. The main parts of the model include a.g. a wind gusts and grid faults. These disturbances are
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(a) Type A
Fig. 2. Typical dc-link controller. Variablei andi denote the voltage and
current, respectively. Subscripic, ¢ and s refer to the dc-link, grid-side
converter and stator quantities, respectively. Supersecept indicates the
reference value
(b) Type B
(c) Type C
Fig. 3. \oltage pro le
relevant for short-term stability studies related to wind tur-
bines. The wind gust represents a moderate disturbance caused
by an abrupt change of wind speed, which causes relatively @
Type D

slow dynamic responses. Wind gust pro les are appropriately
chosen according to needs of controller investigations.

The fault represents a more severe disturbance, which
involves relatively fast dynamics. The fault is simulated by
applying a voltage dip on the wind turbine terminal. The
voltage dip pro le is shown in Fig. 3

An aggregated model of a wind farm consisting of 5x2MW (e) Type E
wind turbines with DFIG is used in the simulation. The wim]i_.

. . . . ig. 4. Control schemes
turbine and controller parameters are given in Appendix .

IV. ACTIVE POWER AND SPEED CONTROL

As presented in Fig. 4, active power and speed control of
wind turbines with DFIG can be realized in different schemes.
In this study, the different control schemes are denoted by type
A to E, respectively. Each control scheme employs a speed
control characteristic curve. The speed control characteristic is
aimed at maximizing output of the turbine at low wind speed @ () ©)
and limiting the electrical power or torque at wind speed aboygy. 5. speed control characteristic curve: (a) generator power vs generator
a certain level. The optimum power output corresponds to a tipeed curve (b) electrical torque versus generator speed curve (c) generator
speed ratio(,) that produces maximum power. As shown i}P€ed versus wind speed curve
Fig. 5, the speed control characteristic curve can be presented

as a power versus generator speed relationship, an electricalh Trel i the ref lectrical s th
torque versus generator speed relationship or a wind speeﬁﬂ" ereTe™ s the reference electrical torque; is the stator

versus generator speed relationship. VO tage;l_.m is the magnetizing inductance ahg is the stator
Type A was proposed in [1]-[3]. In this scheme, thif2kage inductance. o

measured generator speéd is transformed into reference 1YPe B control scheme is similar to type A control scheme,

electrical torqueT."®" by means of a speed control characte€XCePt the electrical torqug. is regulated by means of a Pl

istic curve in the form of electrical torque versus generat§Pntroller. This control scheme can be found in [4]. o

speed lookup table. The reference electrical torque is therl" type C control scheme, the speed control characteristic

transformed into reference curreity™ by means of the Curve is implemented in the form of generator power versus
following expression generator speed lookup table. The reference electrical power

P."®" is then realized by means of a PI controller to produce
_ Te™ (Lis + Lm) corresponding rotor current. The scheme was proposed in [5].
Ia ™ = jusjiL m @ Type D control scheme uses measured generator electrical
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(a) Active power (a) Active power

(b) Rotor current (b) Rotor current

(c) Generator speed (c) Generator speed

Fig. 6. Response of wind turbine with different controller schemes to widg. 7. Response of wind turbine with different controller schemes to grid
gust: type A (solid), type C (dashed), type D (dotted) and type E (dash-dotté@ylt: type A (solid), type C (dashed), type D (dotted) and type E (dash-dotted)

power P, as an input for the controller. By using spee@nd generator speed need to be observed in this investigation
e )

control characteristic curve, the measured electrical power Igctause t_rllﬁse thJ_antltles deFermln(_a the tacttlons of ptrote_ctlon
transformed into reference generator spee’ . A scheme Syslems. Ihe active power IS an important parameter in a

similar to type D control scheme was presented in [6] and ! id |r1teraf:(;uon, the rotortcurr:anttllevel ((jjettr(]armlnes atct|on Ofd
some extent was also presented in [7]-[9]. e rotor side over-current protection an e generator spee

Unlike the oth irol sch tioned ler t il&uences the over-speed protection.
control scheme uses a different strategy. This controler usgd "¢ '6SPoNSe of the wind turbine s characterized by os-
: . ay. . faﬁations due to a non-stiff drive train. The results suggest
wind speedvying as an input for the controller instead o

using measured generator speed or generator poweP that with relatively high controller gains, the responses of
. , € these controllers to a grid fault are similar. However, in some
This scheme can be found in [11] and [10] 9

) cases, the controller may not be too fast in order to consider

The responses of the control schemes to wind gust &gmjing and time lag in the measurements as well as to
shown in Fig. 6. The wind gust is S_'T“'f"m?d by ramping,sintain stability of the controllers. In such a case the turbine
wind spegd up frgm 8.9 ms _to 11.1 ms* within 1 second. response is determined by the control parameters. A slower
The maximum wind speed is kept below the rated value {fyiro| response results in higher oscillations in the active
order to avoid interference with pitch controller operating r&ower and rotor current and less oscillation on the generator
gion. In general, the different controller schemes have similaghoqq (see Fig. 8). For type A control scheme, however, there
responses except for type E control scheme. A noticealle,, hossibility to adjust the controller parameters. Therefore
different response of type E control scheme is mainly dygis control scheme is not able to simulate a slower controller

to difference in the speed control characteristic curve usedrggponse unless additional time constant is introduced in the
The different control schemes are also compared by apodel.

plying a grid fault. The Pl controller gains are set to be
relatively high to obtain fast response of the wind turbine. The
pitch controller is locked during the simulations in order avoid
actions of the pitch controller that may in uence the turbine A basic pitch controller is depicted in Fig. 9. Some wind
response. Simulation results are shown in Fig. 7. Note thatbines with DFIG use pitch compensation to improve per-
since response of type A and B are quite similar, therefore orityrmance of the pitch controller during transient time, i.e. to
type A is presented in the results. Active power, rotor curreréduce power overshoot due to wind gust.

V. PiITcH COMPENSATION
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(a) Active power (a) Pitch angle

(b) Rotor current (b) Active power

Fig. 10. Response of wind turbine to wind gust: with pitch compensation
(solid), no pitch compensation (dashed) and no pitch compensation with
adjusted controller gain (dotted)

(c) Generator speed

Fig. 8. Response of wind turbine with type D control scheme to grid fault:
fast controller (solid), slow controller (dashed)

(a) Pitch angle

(b) Active power

Fig. 11. Response of wind turbine to grid fault: with pitch compensation
(solid), no pitch compensation (dashed) and no pitch compensation with

Fig.9. Pitch controller adjusted controller gain (dotted)

. . . . . ome gain adjustments. It must be kept in mind, however,
The difference of wind turbine response with and W'thouzxcessively high gains may lead to an instability.

pitch compensation to wind gust is shown in Fig. 10. In the Th f th del id fault is sh
simulation, the wind speed increases from 11.1% ingated . e response of the wo models to grid fault Is shown
' ' in Fig. 11. The gure shows that the pitch compensation

wind speed) to 15 ms' within 1 second. As shown in the model is less in uential in active power fault response despite

gure, wind turbine with pitch compensation is able to recovesrigni cant difference in pitch response. This is because wind

the output power _qmckly._ In contrast, active power .OUtpustpeed is assumed to be constant throughout the simulations.
response of the wind turbine without pitch compensation ex*
ceeds rated value for a longer time. However, with gain adjust-

ment, the pitch controller without pitch compensation is able VI. CONCLUSION

to perform closely with the one with pitch compensation. The By assuming a relatively fast controller response, the
adjustment is normally done by increasing controller gainsimulation results indicate the different power-speed control
This simulation suggests that the pitch controller without pitcschemes in wind turbine with DFIG are not in uential for

compensation can be implemented for stability studies wisihort-term voltage stability studies. However, with slower
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responses of power-speed controllers the response of the WB)dN.w. Miller, J.J. Sanchez-Gasca, W.W. Price,R.W. Delmerico, “Dynamic

turbine model depends very much on the controller parameters, modeling of GE 1.5 and 3.6 MW wind turbine-generators for stability
That is t f h studi iat lecti f simulations,” inProceeding of Power Engineering Society General Meet-
at is to say, for such studies, an appropriate selection of j ;' 2003 vol. 3, July 2003, pp. 1977 - 1983.

control parameters is highly important regardless of contr@j N.w. Miller, W.W. Price and J.J. Sanchez-Gasca. “Dynamic Modeling
schemes used in the model. Type C and type D control ©f GE 1.5 and 3.6 Wind Turbine-Generators,” Technical Report, General

. . - Electric Company, Oct. 2003.
schemes are more likely to be bene cial for short-term St""b"”[.‘iO] S.M. Bolik, “Modelling and analysis of variable speed wind turbines

studies due to their simplicity in real implementation and with induction generator during grid fault,” Ph.D. thesis, Aalborg Uni-
parameter adjustability. versity, Denmark, 2004.

Inclusi f pitch . . ind bi del .éll] V. Akhmatov, “Modelling of variable speed wind turbines with doubly-
nclusion of pitch compensation in wind turbine model IS ey induction generators in short-term stability investigations,Pin-

recommended although absence of the pitch compensation carceeding of International Workshop on Transmission networks for Offshore
i i i Wind Farms 2002Stockholm, Sweden, April.
be Compensated by hlgh pItCh controller gains. [12] A. Petersson, “Analysis, modeling and control of doubly fed-induction
generators for wind turbines,” Ph.D. thesis, Chalmers University of
ACKNOWLEDGMENT Technology, Sweden, 2005.
. . H3] P. Ledesma and J. Usaola, “Doubly fed induction generator model for
The authors would like to thank Nordic Energy Research, "transient stability analysisfEEE Trans. Energy Conversiorol. 20, no.

Svenska Krafat and Vattenfall for nancial support. 2, June 2005, pp. 388-397.

APPENDIX |
SIMULATION PARAMETERS

A. Generator parameters

Base power = 2 MWR = 0.0082 pulL;s = 0.077 pulLn,
=4.5 pu,R, =0.0062 pulL| = 0.077 puHq4 = 0.5 seconds

B. Turbine parameters

Rotor diameter = 80 m, Gearbox ratio = 90, rotor inertia
constant = 2.5 seconds, shaft stiffness = 0.35 pu,

C. Rotor controller parameters
Kow = 3, kiw = 0.6,kpp = 3, kip = 0.6,k =0.1,ki =50

D. Pitch controller parameters

Toe = 0.02 = secondsKp, = 10, Kjp = 50, Ky = 150,
Kiw = 25, minimum pitch angle = 0 degree, maximum pitch
angle = 45 degrees, minimum pitch rate = -10 degree/seconds,
maximum pitch rate = 10 degree/seconds
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Grid faults’ impact on wind turbine structural loads

Anca D. Hansen*, Niolaos A. Cutululis*, Florin lov+,
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P.O. Box 49, DK-4000 Roskilde, Denmark
Email: anca.daniela.hansen@risoe.dicolaos.cutululis@risoe.dlpoul.e.soerensen@risoe.dk

Abstract— The objective of this work is to illustrate the impact of structural loads and thus on the lifetime of the wind turbine.
the grid faults on the wind turbine structural loads. The final goal of this researdlsue is therefore to identify
Grid faults are typically simulated in detailed power systenf’€W possible guidelines for design basis and certification
simulation tools, which by applying simplified mechanical modelsWhich also take into account the fulfilment aspects of the
are not able to provide a throughout insight on the structural load¥ew grid requirements. A prooae for the evaluation of the
caused by sudden disturbances on the grid. On the other hamtnsequences of grid faults on the wind turbines’ loads is to
structural loads of the wind turbine are typically assessed ipe developed and intended to be used directly in the
advanced aerolastic computer codes, which by applying simplifiegartification of future wind turbines.

electrical models doot provide detailed electrical insight. The paper presents the prior steps toward understanding
This paper presents a simulation strategy, where the focus is on htw the fulfilment of the fault-ride through requirement
to access a proper combination of two complimentary simulationaffects the structure of theind turbine itself. A set of
tools, such as the advanced aeroelastic computer code HAWC2 agighulations reflecting both thelectrical and the structural
the detailed power system simulation tool DIgSILENT, in order tdynamic response of a fixed esd wind turbine to a grid

provide a whole overview of both the structural and the electricqlau” are presented and aysed in this paper
behaviour of the wind turbine during grid faults. P Paper.

The effect of a grid fault on the wind turbine flexible structure is
assessed for a typical fixed spesihd turbine, equipped with an 2- GRID FAULTS AND GRID REQUIREMENTS
induction generator. The first natural step in the evaluation of the grid faults
Index Terms— grid faults, mechanicaloads, grid connection im_pact on wind turbine I_oads is to_ass_ess an overvjew of the
requirements, aeroelistomputer code. grid faults types and their fregocy, in diffeent countries.
Such a mapping of the grid faults and grid requirements in
different countries is provided in the report [3], which is one
1. INTRODUCTION result of the ongoing research project. In this report,
As a result of the fast development of the wind energgtatistics regarding, for example, the grid faults in the
industry in the last few years, the attention is directed towaridansmission system of the Nordic countries (Denmark,
the wind power impact on the power system. This aspect is
also reflected in the wd turbine grid connection
requirements [1], which arecontinuously subjected to
periodic revisions.
The fulfillment of these requirements poses challenges for
the design of both the electricgystem and the mechanical
structure of wind turbines.
From an electrical point ofiew, these challenges imply
development of advanced controllers of wind turbines
adapted to fulfil the grid requirements. However, the design
of such controllers, suitable to ensure the fulfillment of the
grid requirements, requires also a better understanding of
their influence on the wintlirbines structural loads.
This issue has not been sufficiently investigated in the
relevant literature. Up to now, no clarified knowledge and
investigations, on how the fulfillment of the new grid Figure 1. Types of faults in the Nordic countries transmission system —
requirements affects the wind timb structural loads, exist. source [3].
Such investigations are very important in order to evaluatginland, Norway and Sweder)e presented and analysed.
and define possible new directions in the certification processFigure 1 illustrates for example that, in the Nordic
of future power plant wind turbines, namely wind turbinescountries excepting Norway, ¢hmost faults per year are
which participate actively in the stabilization of powerjocated on overhead lines in the period 2000-2005.
systems. According to [3], in this perio@f time, the number of faults
This paper describes an ongoing research work [2] whos€cated in cables is less than 2.5% of the total number of
long term objective is to investigate into the consequences ffylts.
the grid connection requirements on the fatigue and extremeFurthermore, in these Nordimuntries, most of the faults
loads of wind turbines. As a result of the fast development isn overhead lines in the period 1996-2005 are located on

wind turbine design, there islack in a long-term experience 132kV lines, while 400kV lines are less susceptible to faults
concerning the quantification of the grid faults’ impact on the as jllustrated iffigure 2.
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codes e.g. Denmark and Ireland have specific fault ride-
through requirements for distribution networks as well as for
transmission ones, while other national grid codes have focus
only on the transmission level. The voltage profiles in these
national requirements are given specifying the depth of the
voltage drop and the clearance time as well. In some of the
grid requirements, as in Dewnk, ireland and Germany, the
definition of the voltage profile is clearly specified regarding
the type of the fault, i.e. symmetric or asymmetric.

Table 1.Summary of national fault ride-through requirements — source [3].

Fault ride-through capabijit
Country Vl?eltvaegle Fau_lt Voltage Regovery Voltqge ii?g::{(e
duration | drop level time profile o
injection
b K DS 100 msed 25%U 1 sec 2, 3-ph no
enmar TS | 100msed 25%U| 1sec | L2 37 ™o
Ireland DS/TS 625 msef 15%U] 3sec 1, 2, 3-pl no
Germany TS 150 msef 0%V, 1.5 sec generic ;_J(?ozz
Srrif:itw TS 140msec| 15%U