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Abstract Models for wind power installations excited by transient events have
been developed and verified. A number of cases have been investigated, includ-
ing comparisons of simulations of a three-phase short circuit, validation with
measurements of tripping of single wind turbine, islanding of a group of two
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manual transformer tap-changing. A Benchmark model is also presented, ena-
bling the reader to test own simulation results against results obtained with
models developed in EMTDC and DIgSILENT.
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Preface

This report describes the results of the project titled “Simulation and verifica-
tion of transient events in large wind power installations”. The project has been
funded by the Danish Transmission System Operator, Elkraft System contract
number Bro-91.054 (FU 1103), and it was carried out in cooperation between
Risg National Laboratory, NVE HVDC-group, Aalborg University and NEG-
Micon Control Systems.
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1 Introduction

The objective of this work is to develop and verify tools, which can be used to
study and improve the dynamic interaction between large wind farms and the
power system to which they are connected. The background for this objective is
the fast development of wind energy, with special focus on the challenges aris-
ing along with the offshore targets in Energy 21 [1] in Denmark. However,
wind energy is becoming a significant supply in the power systems in many ar-
eas with good wind resources, and therefore wind energy will play an important
role in the operation of these power systems. Thus, there is also a perspective
for using the developed tools outside Denmark.

There are several technical aspects of this influence of wind energy on power
systems where simulations with reliable tools can be of help to predict the im-
pact of the wind energy development, and to improve the integration of the
wind energy in the system. Three of these aspects are highlighted in the Danish
Transmission System Operators specifications for connection of large wind
farms to the transmission system [2], [3].

The first aspect to be mentioned is the influence of distributed generation on
the local voltage quality. National standards / recommendations / requirements
in this area have existed through more than a decade, and an IEC 61400-21 Fi-
nal Draft International Standard on measurement and assessment of power qual-
ity of grid connected wind turbines [4] was issued in 2001. It includes the influ-
ence on steady state voltage as well as voltage fluctuations due to (active and
reactive) power fluctuations of wind energy and harmonic distortion. These
power quality issues are particularly relevant for systems where the wind energy
development has taken place in rural areas, with grid connections based on the
existing distribution grids in these areas.

The second aspect is the influence of (active and reactive) power fluctuations
of wind energy installations on the control of the power systems. This is par-
ticularly relevant in smaller, isolated systems where the total penetration of
wind energy in the system is high. However, also in strong interconnected sys-
tems this is becoming an issue when the wind energy penetration becomes sig-
nificant in large areas of these systems. This is the case with the wind energy
development in Denmark.

The third aspect is the transient behaviour of systems with wind energy in the
event of grid faults. This becomes particularly relevant in cases where the wind
energy production has become a significant part of the system production, and
consequently the loss of a large part of the wind production in the event of grid
faults can have severe consequences for the system stability.

The focus in this work is on the third aspect: the transient behaviour. But
since the relevant models to simulate the three aspects have many things in
common, it is also useful to relate to the other aspects.

A number of models for simulation of influence of wind farms on voltage
quality have been developed, Estanquero et.al. [5] and Sgrensen et.al.[6]. These
models take into account the influence of turbulence and mechanical oscilla-
tions on the power fluctuations from wind farms. The influence of turbulence is
decisively important in models of the power quality related to wind power fluc-
tuations, but for the transient aspects, the wind models are not so important, be-
cause the transient events have a much stronger influence than the wind fluctua-
tions on the system dynamics on the short term where the transients are interest-
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ing. Still, the relevant dynamic models of wind turbines and grid are quite simi-
lar for transient simulation models and for simulation of voltage quality.

Also a number of models have been developed to simulate the behaviour of
wind turbines in the event of grid faults. Akhmatov et.al. [7] showed that the
traditionally used lumped mass models for dynamic simulations predict an un-
realistically good stability of wind turbine induction generators and power sys-
tem. It is therefore essential to include the mechanical oscillations in the wind
turbine shaft in the model, using separate masses for turbine and generator. The
shaft flexibility is also important for voltage quality models, because the shaft
vibration amplifies the influence of wind fluctuations on power fluctuations for
frequencies around the eigenfrequency determined by the rotor inertia and shaft
flexibility.

The 12 MW wind farm installed in Hagesholm in Denmark has been selected
as study case for the present project. The Hagesholm wind farm is shown in
Figure 1. It consists of six NM 72/2000 wind turbines from NEG-Micon, with
directly connected induction generators and active stall control of the blade an-
gles.

Figure 1. Hagesholm wind farm consisting of 6 NM 72/2000 wind turbine. View
is seen from S-SE.

The simulation models of the wind farm in this project are developed in the
dedicated power analysis tools EMTDC and DIgSILENT. Comparing these two
tools is interesting for several reasons.

EMTDC is a dedicated and well-established tool for simulations of transient
or dynamic events — involving details with hundreds of components but typi-
cally less than ten rotating machines. EMTDC is however fast moving in the
direction of including dedicated packages for analysis of dynamic stability and
load flow / short circuit — including probably hundreds of rotating machines.

DIgSILENT is on the other hand a relative new tool but also evolving fast in
the same direction - to include simulations of transient or dynamic events today.
DIgSILENT was, however, born out of the load flow / short circuit community.
This movement towards universal simulation tools is a general trend stressed by
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the problems that planners of large electrical systems face these days and even
more in the future.

During less than a decade most electrical systems in the western world have
moved from including a few well-defined large machines integrated in a strong
grid to a mixture of less or no large machines combined with many smaller ma-
chines. The latter typically at lower voltage levels with weaker grids and in the
case of large wind farms with many small machines constantly influencing each
other. This challenge calls for the universal simulation tools and is the reason
for this trend.

So far only two simulation tools with all three packages (i.e. load flow, dy-
namic and transient simulations) are known to be well established: ABB’s
SIMPOW and Siemens’” NETOMAC. So far and probably due to pricing they,
however, do not seem well known in the wind power community, whereas DIg-
SILENT and EMTDC seem to gain foothold. This makes comparing EMTDC
and DIgSILENT interesting.

In the present project, transient and dynamic cases with up to three rotating
machines have been simulated with EMTDC and DIgSILENT. As both tools
mature in the near future one might suggest comparing larger cases involving all
the above mentioned packages. A technical description of the two tools is given
in chapter 2.

Initial versions of the simulation models used in this project were already
available at project start. The EMTDC model is based on the NVE model used
in Christensen [8], whereas the DIgSILENT model is based on the
Risg/AAU/Dancontrol model described in Sgrensen et.al. [6].

The DIgSILENT model was originally developed for power quality analyses
and run as an RMS model for that purpose, but since DIgSILENT is able to
simulate with transient EMT models based on the same input data, which is
used for RMS simulations, this is how the DIgSILENT model has been up-
graded from an RMS model to an EMT model. The applied mechanical models
are identical in the RMS and the EMT case.

Besides, both the EMTDC model and the DIgSILENT model have been ex-
tended with the protection and control features which are relevant for the behav-
iour of the wind turbines in the tested cases. However, the modelled protection
and control is not described in details in this report, because the information is
confidential.

The EMTDC model and DIgSILENT model applied in this project are quite
similar, but some features are only available in one of the models. Chapter 3
describes the models, including information about where the models are differ-
ent.

The models described in chapter 3 are denoted the “detailed simulation mod-
els” as they comprise the whole wind farm. In the following chapters, these full
models are applied in reduced versions to fit specific purposes.

The first “reduced model” is the idealised models compared in chapter 4. Here
the models are reduced to make the comparison between the different models
more transparent. The idealised models are used to compare EMTDC and DIg-
SILENT, and to study the effect of saturation and electromagnetic transients.
This is considered the first step to validate the models.

To provide further validation of the simulation models, measurements have
been acquired in the wind farm and at the substation where the wind farm is
connected. These measurements are described in chapter 5.

The validation of the models against measurements is the subject in chapter 6,
where the measurements are compared to the simulations.

Finally, the conclusions of the work are outlined in chapter 7.
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2 Simulation tools

2.1 Features of EMTDC and DIgSILENT

The simulation models of the wind farm used in this project are developed in
the dedicated power system analyses tools EMTDC and DIgSILENT. These
tools support simulations with full electromagnetic transient models (EMT),
providing instantaneous values of voltages and currents in the grid, combined
with the ability to build dynamic models for generator movers, which is in our
case used to develop wind turbine models.

To build these models for generator movers, EMTDC includes in its standard
library a multi-mass-model with up to five individual masses, corresponding
spring constants, individual and mutual damping, output of all speeds torques
etc. EMTDC allows the user to either rewrite the source code of an existing li-
brary model or freely build a new model with the users own graphics and source
code. EMTDC is based on source code in Fortran.

In DIgSILENT, a library is also available, but it typically consists of more ba-
sic components. To implement primary mover models, the user can use DIgSI-
LENT’s own programming language DSL (Dynamic Simulation Language),
which is also a combination of graphics and open source code.

Besides the EMT simulations, DIgSILENT provides the ability to make the
so-called RMS simulations. These simulations are also referred to as (dynamic)
stability simulations, and they correspond to standard models in other power
system stability simulation tools, e.g. PSS/E. The advantage of using RMS
simulations is that the simulation speed can be increased significantly, but the
simulations omit the fast electromagnetic transients. The RMS simulations can
be done with the symmetric component only or with the unsymmetric compo-
nents as well. The stator transients in the induction generator models are omit-
ted in the RMS-simulations, thus the order of the induction generator model is
reduced. EMTDC does not have a similar feature.

DIgSILENT also provides the ability to either simulate with a fixed time step
or a variable time step for the simulations. With variable time steps, DIgSI-
LENT enables reduction of the simulation time increasing the simulation time
steps to what is possible with respect to keep a stable simulation.

EMTDC provides the ability to include saturation in generator as well as
transformer models. Both serial and shunt reactances can be modelled with satu-
ration. DIgSILENT also supports modelling of saturation, but only in the trans-
formers.

2.2 Electrical components models

2.2.1 Cable model

Figure 2 shows the single line diagram for the cable models used in EMTDC as
well as DIgSILENT. It is seen that the model is a standard © equivalent. This
model is available as standard component in DIgSILENT as well as EMTDC.
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Figure 2. Single line diagram for cable

2.2.2 Transformer model

Figure 3 shows the single line diagram for the transformer models used in
EMTDC as well as DIgSILENT. It is seen that the model is a standard T
equivalent. This model is available as standard component in DIgSILENT as
well as EMTDC.

R X XS

— - =

o2 O

Figure 3. Single line diagram for transformer model

2.2.3 Induction generator model

Both EMTDC and DIgSILENT provide models for induction generators. In the
present project, we have selected a model, which can be implemented in both
tools as a reduction of the build-in models, and we have applied the same pa-
rameters in both models.

The steady state equivalent for the DIgSILENTS library models of induction
machines is shown in Figure 4. It consists of a general model for the stator,
which can be combined with three different rotor models, depending on the type
of generator.
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Figure 4. Steady state single line equivalent of induction machine models in
DIgSILENT PowerFactory. Source: Digsilent note on induction machine models

[9].

In EMTDC, there is one universal model for squirrel cage induction ma-
chines. Figure 5 shows the steady state single line equivalent of the EMTDC
induction machine model. Xs, Xr0 and Xm can be modeled as fixed or satur-
able. In the latter case one can freely input any saturation curve. EMTDC in-
cludes a very identical universal model for the doubly fed induction machine
with full access to all 6 phases. It was, however, not needed in this case.

Rs Xs Xr()
o—{ 1 -

Xr2

R, I X, DR,I /s

R,/s

[e;

Figure 5. Steady state single line equivalent of the EMTDC squirrel cage induc-
tion machine.

3 Detailed simulation model

3.1 General

In this section, the detailed gross model of the Hagesholm wind farm including
its grid connection is described. For comparisons of simulations in chapter 4,
and for comparison between measurements and simulations in chapter 6, this
gross model is reduced to only include the relevant parts in the individual cases.

Risg-R-1331(EN)
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3.2 Grid model

The grid collecting the power from the wind farm is shown in Figure 6. The
substation has two transformers and a double busbar system. The wind turbines
are connected to the substation through two collection lines. A backup line is
also available between the ends of the two collection lines.

Tr#l 8 Tr#2

—Wr#l WI#4t—

—tWr#2 WI#5t—

T WI#3 Wr#6—

Figure 6: Grid model for the connection of the Hagesholm wind farm.

As indicated in Figure 6, the two transformers and the double busbar system
in the 50/10 kV substation are utilised to isolate the wind farm on transformer
#1. The loads are supplied by their own transformer #2. Also, the transformers
are fed by different parts of the 50 kV grid. This coupling ensures a minimum
of disturbance of the consumers due to the experiments, and it limits the rele-
vant modelling to the black parts of Figure 6, whereas the grey parts are omitted
from the models. Actually, as a consequence of the selection of experiments, it
has only been necessary to model the NVE owned wind turbines #1, #2, and #6.

A large number of breakers are also available in the grid. Figure 6 indicates
the 10 kV breakers that are used in the experiments and simulations presented in
this report.

The substation transformers have on-line automatic tap changers to control the
10 kV voltage. In the present models, the tap positions are assumed to be fixed
because they are not expected to change during the short periods where the tran-
sients are studied, except in an experiment where the taps are manually changed
to provide a voltage step.

The 50 kV grid is simply modelled by a Thevenin equivalent. This is a rea-
sonable approximation for modelling of grid faults in the 10 kV grid, because
the 50 kV grid is relatively strong.

Risg-R-1331(EN)



3.3 Wind turbine model

A dynamic wind turbine model is connected to each of the wind turbine termi-
nals in Figure 6. Each wind turbine is modelled individually, providing a realis-
tic model for the dynamics of the wind farm.

The model of an individual wind turbine is shown in Figure 7. It includes an
electric part, a mechanical part and an aerodynamic part, and a part representing
the control system. The control system model provides the blade pitch angle
Gyien for aerodynamic model, including the control in the event of a grid fault.
Besides the pitch angle, the aerodynamic part is driven by the wind speed u,
which will be set to a constant for the initial simulations of transient events.

3
lgpitch UMS B IMSTL

T,
. ae o | -
:V:;j d A:ﬁic | ¢—| Mechanical > Electrical
p Ll | ; Dgen i
: WIR j
4
.............. %4‘

Figure 7: Wind turbine model with interface to power system (grid) model and
wind speed model.

Inputs to the model of the wind turbine control system are the voltage Upys,
current /s measured by the control system at the main switch, in addition to the
generator speed @,.,. Besides the pitch angle, the outputs from the control block
are control signals indicating when the contactors at the generators and capaci-
tors should be opened.

3.3.1 Electrical model

The electrical part of the wind turbine model is shown in Figure 8. It includes
induction generator, capacitor banks for reactive power compensation and the
step-up transformer. The transformer is placed in the nacelle, and the 10 kV ca-
ble through the tower is included in the model. Finally, the contactors for dis-
connection of generator and capacitor are included.

Figure 8: Model of the electrical part of the wind turbine.

Risg-R-1331(EN)
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The softstarter and the small generator are not included in the models, because
only transients not involving the softstarter and small generator have been stud-
ied. Besides, the wind turbines are equipped with an auxiliary transformer for
supply, which is also not included in the model because it is relatively small.
Likewise, the hydraulic pump for the pitch system is not included.

Note that Uy and Iys in the model diagram in Figure 7 are taken from the low
voltage side of the step-up transformer, corresponding to the electrical point
where the actual control system measures voltage and current on the main
switch.

The capacitor bank actually consists of 10 steps, but it is modelled here as a
single step because they are assumed to be switched off simultaneously during
the transient events.

Figure 9 shows the single line equivalent of the induction generator model
used for the present simulations in EMTDC as well as DIgSILENT. The model
is implemented as a reduced version of the universal model of a squirrel cage
induction generator in Figure 5, and as a reduced version of the DIgSILENT
model with squirrel-cage rotor in Figure 4. Basically, the selected model is the
EMTDC model without iron losses, because iron losses are not available in
DIgSILENT. The steady state model is used in the initial load flow, which is
performed before any dynamic simulation (RMS or EMT) in DIgSILENT, and
besides the steady state model provides the input parameters for the transient
model, which is a d-q-0 model.

X

X, []R,l /s
R,/s

O

Figure 9: Steady state single line equivalent of induction generator.

The parameters for the model have been estimated by NVE based on the gen-
erator test reports provided by NEG-Micon Control Systems. The method ap-
plied to estimate the parameters is a compromise between fitting of active and
reactive power, slip and torque in a number of working points where the test
report provides data. It is not possible to make an exact match to all the data
applying the model in Figure 9, so the estimated parameters are a compromise,
where high priority has been given to the torque / slip relation. Thus, some dif-
ferences are expected between tested and modelled relation between active and
reactive power. The steady state model is used in the initial load flow, which is
performed before transient simulation, and besides the steady state model pro-
vides the input parameters for the transient model like in DIgSILENT.

3.3.2 Mechanical model

The mechanical model of the wind turbine is shown in Figure 10. It is essen-
tially a two mass model connected by a flexible shaft characterised by a stiff-
ness k,,; and a damping c,,. Moreover, an ideal gear with the exchange ratio /.f
is included.
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aerodynamic turbine rotor  main shaft gearbox generator

Figure 10: Model of the mechanical part of the wind turbine.

The masses used in this model correspond to a large turbine rotor inertia Iyrx
representing the blades and hub, and a small inertia /., representing the induc-
tion generator. The generator inertia is actually included in the generator model,
specified as an inertia time constant. The two-mass model is in accordance with
the recommendations of Akhmatov et.al. [7].

The stiffness and damping components are modelled on the low speed shaft,
but flexibility in the gear and on the high speed shaft can also be included here,
if they are corrected for the gear ratio.

More complex mechanical models can also be suggested. One suggestion
could be to detail the drive train model. Another suggestion could be to include
more parts of the wind turbine flexibility in the model.

One way to detail the drive train model would be to include backlash. Back-
lash is normally not included when the model simulates continuous operation of
the wind turbine, because the torque remains positive when the wind speed is
above cut-in wind speed. However, if the generator is tripped, the torque will
oscillate between positive and negative values, and then the backlash will be-
come visible.

Another suggestion to detail the drive train model is to apply a third mass rep-
resenting the gearbox as suggested by lov [10] (and possibly brake disc) and
include the flexibility on the high speed shaft separately.

However, the advantage of the present drive train model is that the uncertain
parameters can be estimated or verified by measuring the shaft torque when the
generator is tripped. Normally, the inertias and gear ratio in the model will be
known with very high precision, while the stiffness and damping are much more
uncertain. When the generator is tripped, the model can be reduced to a single
eigenfrequency represented by the stiffness k,,,, the damping c,,; and the equiva-
lent inertia /., determined by

I—
qu — WTR f gen (1)

IWTR + f21gen

The equivalent is shown in Figure 11. If f 2Igen< <Iwrr, the mode can be under-
stood as the small inertia f I cen OSCillating against the wall Iyg.

ﬁ Cms

k

ms

I

eq

Figure 11: Equivalent mechanical model when the generator is tripped.
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In this case, the stiffness can be estimated by the eigenfrequency f,,. of the os-
cillation according to

k,, =@, )1, )

while the damping can be estimated by the logarithmic decrement &,, of the
oscillation according to

k, -1 o,
ms = 2.56'(1 ’ ﬁ = ﬂ_q ' kmx .IWTR (3)
eq

When the model was designed, it was assumed that only the drive train would
have a significant influence on the dynamics of the interaction with the grid.
Since then, studies by Larsen et.al. [11] with a combination of a detailed aeroe-
lastic model and a dynamic generator model have shown that the second side-
wards tower bending mode can couple with the generator eigenfrequency and
thus cause a substantial increase in the generator power fluctuation as well as
the tower vibration. It would also be an option for future transient models to
include this tower flexibility.

As DIgSILENT does not include a standard library model of a multi-mass-
system like the above mentioned, this has been programmed by the user in the
dynamic simulation language DSL. For the EMTDC model, the multi-mass-
model in its standard library has been used to implement the present two mass
model.

3.3.3 Aerodynamic model

The aerodynamic model was originally based on tables with the aerodynamic
efficiency C,, i.e.

1
Paezszbf C, “)
where p is the air density, A is the swept area, u is the wind speed and C, =
Cy(4, B,irer) 18 the aerodynamic efficiency, which depends on the tip speed ratio 4
and the blade pitch angle 6,;.;. The tip speed ratio A is defined as

_oR

A 5)

u
where R is the radius of the aerodynamic rotor. This is a quasi static aerody-
namic model which determines the output aerodynamic torque M, directly from
the input wind speed according to

P 1
ae:fzgpf“ﬁcp (6)

However, since C, must be infinite to provide a starting torque when @ = 0,
the model has been adjusted so that a C, table replaces the C, table, and (6) is
replaced by

1 1
MaezszRuchzaanMZcq (7)

The DIgSILENT model can include a model for dynamic stall. The imple-
mented model for dynamic stall is based on @ye’s dynamic stall model [12],
simulating dynamic stall as time lag of separation. @ye implements the time lag
directly on the lift coefficients in the individual blade sectors, but this is not
possible in our case, because we base the aerodynamic calculations on C,,.
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Dynamic stall could also be relevant for modelling of transient behaviour at
high wind speeds, i.e. above 13 m/s. Also dynamic inflow is shown to have a
significant influence when the pitch angle is changed very fast [13], which is
often the case during transient events.

However, to keep the models simple in the first place, and to ease the com-
parison between the DIgSILENT model and the EMTDC model, only quasi
static aerodynamic models have been used in this project.

The EMTDC model uses a standard library model to input the C, table as
function of pitch angle and tip speed ratio. The model allows real time interpo-
lation of practically any number of data points. To keep the simulation time
down around 200 data points were chosen for each turbine.

In DIgSILENT, also a standard table is used to input the C, table, but in the
DIgSILENT model the table is more detailed, using 10000 data points. The ef-
fect of the size of the C, table on the simulation time of the DIgSILENT model
has not been studied.

3.3.4 Control and protection system

The control and protection system response to abnormalities is essential to
model to obtain realistic simulation results of the behaviour of the wind turbines
during and after transient events.

The response, which is included in the present models, is the detection of the
abnormal conditions and the succeeding pitch and contactor response. The ab-
normal condition can be a registered as a grid fault, or as an overspeed if this
occurs before the grid parameters exceed their limits.

The EMTDC model uses standard library models to simulate the control and
protection system.

3.4 Simulation outputs and data analyses

To compare the simulation results, which are simulated with different models,
and to compare simulations to measurements, a number of quantities have been
selected. Some are simulated / measured directly, while other parameters are
derived from the directly measured / simulated quantities.

On the mechanical side, we compare rotor speeds and torques. The compared
rotor speeds are the low speeds on the blade rotor and the high speeds on the
generator rotor. These are simulated and measured directly.

The simulated torques are the aerodynamic torque and the generator torque,
while the measured torque is the torque on the low speed shaft. To compare the
measured torque to simulations, we simply use the simulated angle difference
Gwtr - G to calculate the simulated shaft torque 7T}, according to

Tlss = kms : (HWTR - els ) (8)

On the electrical side, we simulate and measure instantaneous values of cur-
rents and voltages directly. Converting all measured currents to line currents
and all voltages to line voltages, these are directly comparable to the corre-
sponding simulated values.

Besides the voltages and currents, active and reactive power is also compared.
The simulation tools have build-in methods to calculate active and reactive
power, but to ensure transparency and to enable comparisons to measurements,
the instantaneous active power p(#) is simply calculated as

p&) =Y u,(t)-i,(t) 9)

i=1
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where u; is line-to-neutral voltage of line i and i; is line current of line i. Simi-
larly, the instantaneous reactive power ¢(t) is calculated as

q(®) = (u, (1) = uy (1)) i, (1) + (1, (1) =4, (1)) - 6, (0) + (45 () — 14, (1)) -5 (£) ~ (10)

which is formally only valid for the fundamental components of currents and
voltages, but provides an informative and convenient instantaneous expression
for the reactive power.

Finally, we will sometimes plot the fundamental components of voltages and
currents, and the corresponding fundamental frequency. That data is obtained
from Risgs power quality analyses software package, which fits the (measured
or simulated) instantaneous values of e.g. a voltage to provide the RMS value,
phase angle and frequency of the signal voltage in each line period. The power
quality software package also provides the positive sequence of voltages and
currents, based on the fundamental components of all three phases.

4 Simulation with idealised models

4.1 Description of idealised models

The idealised models are reduced versions of the detailed model described in
chapter 3. The models are reduced in order to make the comparison between the
different models more transparent. The idealised models are used to compare
EMTDC and DIgSILENT, and to study the effect of saturation and electromag-
netic transients.

4.1.1 Single line diagram

Figure 12 shows the single line diagram of the idealised models. It includes
the 50 kV grid G5y as a Thevenin equivalent, the transformer 7, being identical
to Tr#l1 in Figure 6, the wind farm collection cable Cac,, being identical to the
cable to wind turbine #1, the tower cable Car,y, in the wind turbine, the nacelle
transformer Twry, the reactive power compensation capacitor Cyr; and the high
speed induction generator Gwr;.
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Figure 12: Single line diagram of the idealised model

4.1.2 Simulation time steps

For the simulations presented in this chapter, the simulation time steps have
been held constant. This has been done to focus the comparison between
EMTDC and DIgSILENT on the dynamics of the models in the first place
rather than on the variable time step feature in DIgSILENT. The constant simu-
lation time step has been selected to 10 ps. This is sufficiently small to ensure
stable simulation of the generator dynamics as seen in the following, and also a
higher eigenfrequency (approximately 3 kHz) caused by the capacity in the col-
lection cable can be simulated with this option.

The simulation results have been saved and shown in graphs only with 100 ps
time step size. This corresponds to a 10 times reduction of the data before it is
saved. This reduction has been done to minimise the amount of data, and it can
be justified because frequencies above 5 kHz do not occur in the simulations.

4.2 Comparison of EMTDC and DIgSILENT ba-
sic models

4.2.1 Short circuit comparison

Figure 13 and Figure 14 show the simulated voltages and currents in the genera-
tor during the short circuit. The short circuit is activated at time ¢ = 0 and
cleared at time ¢t = 0.1 s. The simulations include electromagnetic transients in
the models, but saturation is not included.
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Figure 13: Simulated generator voltages with EMTDC and DIgSILENT

—
o

— EMTDC I

EMTDC I2

— EMTDC I3
- DIgSILENT I,
DIgSILENT I,
. DIgSILENT Iy

(&)
T
i

Current [kA]
=)

|
(&)

T

i

-10 I i i
—-0.05 0 0.05 0.1 0.15

Time [s]

Figure 14: Simulated generator currents with EMTDC and DIgSILENT

The figures first of all show a very close agreement between the EMTDC and
DIgSILENT simulations of voltages and currents. The graphs have been gener-
ated using thin full lines for the EMTDC simulations and thicker dotted lines for
the DIgSILENT simulations. It is generally seen that the thin full lines coincide
with the corresponding thick dotted lines, i.e. that the agreement between DIg-
SILENT and EMTDC is very good.

4.2.2 Steady state comparison

However, looking closer at the steady state 100 ms before the short circuit, it is
observed that the generator torque is constant in the DIgSILENT simulation,
while it has a significant sinusoidal variation in the EMTDC simulation as
shown in Figure 15.
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Figure 15: Simulated generator torque in steady state before the short circuit

The reason for the sinusoidal variation in EMTDC has been investigated. First
of all, a similar variation is seen in the instantaneous power, which indicates
that DC-components in voltages and/or currents could be the explanation.

Calculations on voltages and currents in the steady state show that the DC-
components in the voltages are very small, but the line currents have DC-
components which are 0.3-0.6 % of the fundamental component of the line cur-
rent.

If we removed the DC-components from the line currents, the calculated in-
stantaneous power in steady state becomes constant. Thus, the observed sinu-
soidal variation in power and torque is due to DC-components in the line cur-
rents. The reason for the current DC-components has not been identified.

4.2.3 Resonances above fundamental frequency

Figure 13 shows that the generator 960 V line-to-line voltages contain signifi-
cant oscillations with frequencies above the 50 Hz fundamental frequency. The
oscillations are excited by the activation of the short circuit and by the clearing
of the short circuit. The oscillations can also be seen in the currents in Figure
14, but they are most significant in the voltages. It is also seen that the high-
frequency oscillations are strongly damped and disappear after a few line peri-
ods.

The eigenfrequencies of the oscillations have been identified applying the re-
duced equivalent diagram of the simulation model shown in Figure 16. The sec-
tions indicated in Figure 16 corresponds to the grid, with the same labels as
were used in the single line diagram Figure 12, i.e. Gsy represents the 50 kV
grid, Tg, is the transformer in Grevinge, Cac, is the power collection cable, Ca
Tow 18 the tower cable, Twr is the nacelle transformer, Cwr; is the capacitor bank
and G is the induction generator.

Ly, Lp, Ly, L, L, Ly, Ly, L, L
%LT 1m +Cccl + Cccz + C!cl + Czcz % LT 2m + CWTI LGm
Gs T, Cacy, Car,y, Ty Cwmi Gwri

Figure 16: Reduced single line diagram for the total simulation model.

The reduction to the equivalent in Figure 16 has first of all been obtained by
replacing all resistances by short circuits, assuming that the eigenfrequencies
are mainly determined by the capacities and the inductances. Thus, the values of
the parameters can be taken almost directly from the corresponding component
models. As an example, for the generator model, we have calculated Lg, in

Risg-R-1331(EN)

21



22

Figure 16 from X; in Figure 9, Lg,, from X,, and Lg, from X, all assuming 50
Hz.

For an oscillatory circuit with a capacitor C looking into the inductance L, the
eigenfrequency f can be determined according to

1
_ 11
/ 27JLC (1)

During the short circuit (indicated in Figure 16), the capacitor C=Cyy; ap-
proximately looks into the inductance L=(Lp>+Lpp+L, + L) || (Lgs+Lg,).
Seen from Cyyy, the other capacitors can be discarded because they are decays
lower than Cyry;, and the shunt inductances Lz, and L, can be discarded be-
cause they are decays higher than the serial inductances. Inserting these values
for C and L in ((6), an eigenfrequency f=302 Hz is found, which corresponds
very well to the oscillation frequency in the first line periods of the short circuit
shown in Figure 17.

— EMTDC U,

1k J EMTDC U
= —_ EMTDC U
< 05F 1 DIgSILENT U
8) e 12
g ol i DIgSILENT U,
S ... DIGSILENT U,
2 -05¢ 1
'

5 . . . . . . . . .
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time [s]

Figure 17: Simulated generator voltages with EMTDC and DIgSILENT in first
line period of the short circuit.

With the short circuit cleared, the capacitor C=Cyy; approximately looks into
the inductance L=(Lp+Lzp+Li + Lect Lrig+Lyy+ L) [l (Lgs+Lg,). Inserting
these values for C and L in ((6), an eigenfrequency =280 Hz is found, which
corresponds very well to the oscillation frequency in the first line period after
the short circuit is cleared at = 0.1 s, as shown in Figure 18.
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0.1 0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12
Time [s]

Figure 18: Simulated generator voltages with EMTDC and DIgSILENT in first
line period after the shout circuit is cleared.
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4.2.4 Short circuit impedance definition

Another aspect, which has been identified as a result of the comparisons, is that
the definition of the short circuit impedance is different in the two programs. In
DIgSILENT, the impedance of a three-phase short circuit is interpreted as the
impedance from phase to neutral in a star connection, whereas in EMTDC the
corresponding short circuit impedance is interpreted as the impedance of each
branch in a delta connection. Thus, there is a factor 3 between the input short
circuit impedances in the two programs if they should be equivalent.

This difference does not have much influence on the fundamental components
of voltages and currents if the short circuit impedances are very small, but the
damping of the eigenfrequencies is strongly affected by the size of the short cir-
cuit resistances.

4.3 Influence of saturation models

Saturation models are available for transformers and generators in EMTDC. In
the present version of DIgSILENT, saturation models are available for the trans-
formers, but not for the induction generators. To assess the effect of saturation
in the models, we have made an EMTDC simulation including saturation in
generator and transformers, and compared it to the EMTDC simulation without
any saturation.

The simulation results with and without saturation deviate some in the tran-
sient instants. Figure 19 and Figure 20 shows the line voltages and line currents
during the short circuit. It is seen that the most significant difference is in the
line currents. The peak line current in the first line period of the short circuit (t =
0 - 0.02 s) is underestimated with approximately 10 % without saturation, while
the line current in the first line period after short circuit (¢ = 0.1 - 0.12 s) is
slightly overestimated without saturation.

— —saltU12
—sat U23
— —sat U31
. +satU12

+ sat U23

. +ss:1tU31

Line voltage [kV]

i i i

-3
-0.05 0 0.05 0.1 0.15
Time [s]

Figure 19: Generator line voltages during short circuit, simulated with
EMTDC, without and with saturation effects in the models.
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Figure 20: Generator line currents during short circuit, simulated with
EMTDC, without and with saturation effects in the models.

4.4 Comparison of EMT and RMS models

In addition to the transient EMT simulations, DIgSILENT provides an option
for so-called RMS simulations. In the RMS case, the system is simulated in the
positive, negative and zero sequences, with the possibility to include only posi-
tive sequence in symmetric cases. In the present case, we simulate a symmetric
fault, and therefore only the positive sequence is simulated.

The advantage of using an RMS simulation is that the simulation time is sig-
nificantly reduced compared to an EMT simulation. The increased simulation
speed makes it possible to simulate much longer events and much more com-
plex systems.

Figure 21 shows the simulated generator torque during the short circuit with
EMT and RMS options respectively. It is clearly seen that the RMS simulations
strongly underestimate the variations in the generator torque by excluding the
fundamental frequency (50 Hz) oscillations.

— EMT
~ RMS

Generator torque [kNm]

0
-0.05 0 0.05 0.1 0.15
Time [s]

Figure 21: Simulated generator torque with DIgSILENT EMT and RMS options
respectively.

The 50 Hz oscillations are due to the stator flux transients, which are com-
monly neglected for dynamic power system stability studies [14].

Akhmatov has studied the influence of the stator flux transients [15] on wind
turbines with double-fed induction generators. Akhmatov concludes that the
discrepancies between the simulated electric properties with and without stator
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flux transients are important if fast over-current protection e.g. of power con-
verters is considered, but otherwise it is more of academic interest.

Figure 22 and Figure 23 show voltage and current simulated with EMT and
RMS options. To enable the comparison of the instantaneous values simulated
with the EMT option to the vector magnitudes simulated with the RMS option,
the RMS values of the EMT simulation have been calculated as root-mean-
square with a half line-period (10 ms) averaging time.

15 T T T T T T T T T

— EMTU,,
EMTU,,
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— RMS U

Line voltage [kV]

i i i i i i i i i
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-0.1  -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time [s]

Figure 22: Simulated generator line-to-neutral voltage with DIgSILENT EMT
and RMS options respectively.

— EMTI1

EMT I2
— EMT I3
— RMS |

Current [kA]

0
-0.1  -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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Figure 23: Simulated generator line current with DIgSILENT EMT and RMS
options respectively.

It is seen in Figure 23 that the current transients caused by the short circuit are
very high, but also very strongly damped. Therefore, the discrepancies between
DIgSILENT EMT and RMS simulations are relevant when fast protection
equipment is considered in the simulations, which is often the case for power
converter protection as mentioned by Akhmatov.

Another important observation is that the behaviour after the short circuit is
the same with the RMS and EMT simulations, which of course only is the case
because no protection relays are tripped by the fast transients. If no fast relays
are tripped, the long-term stability of the system is not affected by the stator
flux transients, and consequently the dynamic system stability can be studied
using the RMS simulations. As mentioned above, this is relevant for the simula-
tion time, because even though computer speeds increase, there is also a need to
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simulate the stability of very complex power systems with a reasonable repre-
sentation of the distributed generation.

The influence of generator dynamics on mechanical loads on wind turbines
has been studied by Larsen et.al. [11]. Simulations with advanced aeroelastic
tools using induction generator models with and without stator flux transients
have shown that these transients have very little influence on the mechanical
loads on the wind turbine.

This is confirmed by the present simulations in DIgSILENT. Figure 24 shows
the simulated shaft torque until 4 seconds after the short circuit with EMT and
RMS options respectively. It is seen that the mechanical shaft torque is pre-
dicted very well with the reduced RMS model. This again confirms that the
longer term dynamic stability of the power system is not affected by the stator
flux transients, provided that no relays are tripped by the transients.

2000 — T
~ RMS

1500

1000

Shaft torque [kNm]

500

Time [s]

Figure 24: Simulated shaft torque with DIgSILENT EMT and RMS options re-
spectively.

S5 Transient experiments

5.1 General

In this chapter, we will describe the selection of the transient experiments, the
measurement system, and for each of the selected transient experiments, we will
describe the experimental setup and provide the main measurement results.

The selection of transient experiments is described in section 5.2. The purpose
of the transient experiments is to support validation of the simulation models.
Since the ultimate purpose of the models is to be able to simulate and improve
the behaviour of large wind farm installations in abnormal grid conditions,
mainly in the event of grid faults, it would be obvious to make a grid fault ex-
periment. However, the risk to worsen the power quality of the consumers, and
the risk to damage equipment has precluded that experiment. Instead, a number
of less risky transient experiments have been selected.

The measurement system is described in section 5.3. It provides mechanical
(drive train) measurements as well as electrical measurements. The measure-
ment system consists of 3 identical datalogging systems, which have been
moved around in the grid depending on which electrical measurement points
were most interesting for the individual experiments.
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The selected experiments including experimental setup and measurement re-
sults are described in sections 5.4 - 5.9.

5.2 Selection of transient experiments

The basic idea with the transient events is to generate disturbance in the grid in
order to observe how this affects a wind turbine under operation. The distur-
bances can be caused by existing equipment or by installation of special equip-
ment.

The following transients experiments have been considered:

1. Trip of one wind turbine.
Simultaneous trips of five wind turbines.
Trip of one wind farm line.
Switch-on of one wind turbine generator.
Simultaneous switch-ons of five wind turbine generators.
Switch-on of one generator without softstarter.
Simultaneous switching of all capacitors in one wind turbine.
Simultaneous switching of all capacitors in five wind turbines.
Switching of 50/10 kV transformer on secondary side.

10. Manual tap changing of 50/10 kV transformer (+7-2%)

11. 2 phase short circuit on isolated 10 kV overhead line using piano string.

12. Interruption of 50/10 kV transformer for 50 ms on primary side.

Special attention has been paid to the possibility to make a short circuit, be-
cause the main purpose of the models is to enable simulations of short circuits.
However, the risk to influence the consumer power quality and the risk to dam-
age equipment has precluded the implementation of a short circuit experiment.

Instead of short circuits, less risky transient experiments have been selected.
The selected experiments are:

Trip of one wind turbine at 10 kV terminal

Trip of 10 kV wind farm collection cable at substation
Emergency stop of one wind turbine

Islanding of two wind turbines

Voltage change due to tripping

Voltage change due to tap position changing

These experiments excite the wind power installation in different ways, which
are useful to validate the models.

The first two experiments are quite similar: one wind turbine is tripped by
opening a breaker in the 10 kV grid, and the wind turbine will shut down when
the wind turbine control and/or protection systems respond to the observed fault
conditions.

The emergency stop is an immediate stop of a wind turbine, which is available
for safety reasons.

The next two experiments, the islanding of two wind turbines and the voltage
change due to tripping are actually identical experiments. Two wind turbines are
tripped, and the wind turbines will be shut down. However, the experiment has
been made twice, and the measurement equipment has been moved from one
experiment to the other. In the islanding experiment, the measurements are per-
formed on the island, i.e. on the two tripped wind turbines. In the voltage
change experiment, the focus is on the response of a wind turbine, which stays
on the grid. This wind turbine will experience a transient voltage change on the
grid due to the tripping.

Finally, another voltage change has been made by manually changing the tap
positions of the transformer in the substation. This also provides measurements
of the response of a wind turbine, which stays on the grid.
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5.3 Measurement system

5.3.1 Data acquisition system

The data acquisition is based on 3 almost identical data acquisition systems. The
systems are installed at different points of the grid, and are not interconnected.
Thus, the 3 data acquisition systems log data asynchronously.

One of the data acquisition systems is illustrated in Figure 25. It consists of a
laptop equipped with an analogue to digital converter (ADC) dedicated fast
measurements of 3 phase voltages and currents. The ADC gets its analogue in-
put signals through a signal conditioning equipment providing filtering, ampli-
fication of the external input signals to the input range of the ADC, and simul-
taneous sampling of the filtered an amplified signals. In addition, one of the
three data acquisition systems uses the standard RS-232 serial input port of the
laptop to log slower sampled mechanical data. The serial data is provided by a
data acquisition unit (DAU), which converts the analogue mechanical meas-
urement signals to serial input standard.

1s

measurement signa

Do TLTTTE

o N O N X
crccappp

ADC| RS-232

Voltage and current signals

Mechanical

ignal conditioning Laptop DAU

Figure 25. The data acquisition system

The laptop is a 1 GHz IBM ThinkPad with 128 MB RAM and a 28.6 GB HD.

The ACD card is a AI-16E-4 from National Instruments. The maximum sam-
pling rate is 500 kS/s. The ADC card is inserted directly in the PCM-CIA slot of
the laptop.

The signal conditioning unit is joined in the National Instrument SCXI-1000
chassis with 4 slots for SCXI cards. Only 2 slots are used in the present system.

The voltage and current sensor signals are connected through a SCXI-1305
BNC terminal block, in the ranges <+ 5 V.

The terminal block is connected to the front of a SCXI-1141 8 channel elliptic
lowpass filter block, which occupies the first slot in the SCXI-1000 chassis. The
SCXI-1141 is equipped with programmable cut-off frequency and programma-
ble individual gains of the channels. The cut-off frequency of the filters can be
programmed to frequencies from 10 Hz to 25 kHz, with available values f, =
100 kHz / n where n is an integer. The individual channel gain makes it possible
to adapt the voltage level of the input signals to the +5V of the ADC and thus
minimise the discretisation noise of the ADC. The maximum gain is 100, i.e full
range of the ADC can be obtained with £50 mV input signal, corresponding to
100 mV /22 =24 uV step size.

The SCXI-1141 filter block is then connected to a SCXI-1140 8 channel si-
multaneous sampling 8 channel differential amplifier block, which occupies the
second slot in the SCXI-1000 chassis. The simultaneous sampling block sends
the multiplexed signals via the SCXI bus to the first channel in the ADC in the
laptop.

The DAU unit is a standard Risg unit, which has been developed for meteoro-
logical measurements and for wind turbine performance and mechanical load
measurements. It provides serial output with a fixed sampling frequency of 35
Hz, which is sufficient for the present mechanical measurements. On the input

Risg-R-1331(EN)



side, each analogue input channel can be selected as either a continuous ana-
logue signal or as a pulse. The continuous analogue channels are simply sam-
pled with 35 Hz. For the pulse channels, the time between each pulse is deter-
mined as the number of clock pulses of an internal 16 kHz clock. This is useful
for wind speed measurements with anemometers as well as for rotor speed
measurements.

Risgs LQ software developed in Labview controls the measurement hardware
and acquires the data to the harddisk of the Laptop. It supports simultaneous
data logging from the ADC and the serial port, although the ADC and DAU
measurements are not synchronized. The sampling frequency of the ADC is set
to 10 kHz, and the cut-off frequency 3 kHz.

5.3.2 Wind turbine nacelle instrumentation

The measurement point with most instrumentation is in the nacelle of wind tur-
bine #1. Here 3 phase voltages and currents are measured together with the shaft
torque (low speed) and the high and low rotor speeds.

For safety reasons, the 960 V voltages are measured through the voltage trans-
formers of the control system. However, since the secondary voltage of these
transformers exceed + 5V, three Tektronix P5200 High Voltage Differential
Probes are used to measure on the secondary side of the voltage transformers.
The 3 dB bandwidth of the Tektronix P5200 probes is from DC to 25 MHz, so
the bandwidth is of the combined measurement is probably limited by the volt-
age transformers, for which we do not know the bandwidth. However, for the
present measurements, the bandwidth is assumed to be sufficient with a filter
cut-off frequency of 3 kHz as mentioned in section 5.3.1.

The generator currents are measured directly on the cables from the generator
to the 960 kV bus bar. The generator has open delta windings, thus the currents
in the delta windings are measured directly, and later converted to line currents.
The generator currents are measured with flexible LEM-flex RR 3000-SD/48
AC current probes with a 3 dB bandwidth from 8 Hz to 100 kHz, which is also
well above the filter cut-off frequency of 3 kHz mentioned in section 5.3.1.

5.3.3 Wind turbine 10 kV terminals instrumentation

Measurements of voltages and currents have been acquired on the 10 kV termi-
nals of three different wind turbines. For the first experiments, these measure-
ments have been acquired only in wind turbine #1, which is tripped in these ex-
periments. For the islanding experiment, the measurement equipment has been
moved to the island consisting of wind turbine #2 and #6.

In all cases, the instrumentation has been the same. We have measured on the
secondary sides of the voltage and current transformers in the 10 kV metering
point. Since these voltage and current transformers do not provide £ 5V as
needed by the data acquisition system, a Risg voltage-box has been applied to
convert the voltage transformer secondary sides to three voltage signals within
the £ 5V range, and three LEM PR30 AC/DC current probes have been applied
to convert the current transformer secondary sides to three signals within the +
5V range.

The 0.5 dB frequency range of the LEM PR30 current probes is 0 to 100 kHz,
1.e. well above the filter cut-off frequency of 3 kHz mentioned in section 5.3.1.

The Risg voltage box is based on LEM LV 25-P hall effect transducers. The
bandwidth for these transducers is not specified directly, but the 90 % response
time is 40 s according to the data sheets, which for a first order system corre-
sponds to a time constant 7= 40us / 2.3 = 17 us. Thus, the 3 dB frequency can
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be approximated to f 345 = 1 / (27-7) = 9.4 kHz, i.e. well above the filter cut-off
frequency of 3 kHz mentioned in section 5.3.1.

5.3.4 Substation 10 kV wind farm collection line instrumentation

The measurement equipment in the substation is similar to the equipment on the
10 kV wind turbine terminals. Only, here the existing 10 kV voltage transform-
ers and current transformers on the incoming feeder in the substation are ap-
plied.

5.4 Trip of one wind turbine at 10 kV terminal

5.4.1 Description of experiment

The scope of this experiment is to isolate wind turbine #1 on one of the wind
farm collection cables and trip it with the 10 kV breaker at the wind turbine.
Figure 26 shows the connection of the wind farm for the experiment. The acti-
vated breaker for this experiment is B,,;. In order to minimise disturbances and
avoid loss of production on the privately owned wind turbines #3, #4 and #5,
these are connected to the substation through the eastern cable, and the NVE
owned wind turbine #2 and wind turbine #6 are stopped to avoid overload on
the eastern cable.

UGr

Bg,

T o— I,
UI Owt I 10wt
B wtl
=WT#1 WT#4~
I gen
1 oy T

T T Wr#2 WT#5

=WT#3 WT#6 "

T

Figure 26. Wind farm connection for trip of wind turbine #1

There are three measurement points. The first measurement point is in the na-
celle of wind turbine #1. Here 3 phase voltages U,y and currents I, are meas-
ured together with the mechanical measurements of torque and speed according
to the description in chapter 5.3.2.
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The second measurement point is on the 10 kV connection point in the tower
bottom of wind turbine #1. Here 3 phase voltages U,,, and currents I, are
measured according to the description in chapter 5.3.3.

The third measurement point is in Grevinge substation. Here 3 phase voltages
U, and currents I, are measured on the western collection cable from the wind
farm to the substation according to the description in chapter 5.3.4.

5.4.2 Measurement results

The measurements have been synchronised manually so that the trip of wind
turbine #1 is activated at t=0. Figure 27 shows the measured line to neutral volt-
ages U,y and Figure 28 show the simultaneous line currents /.
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Figure 27:Line to neutral voltages Uy measured at the 960 V bus of the gen-
erator of wind turbine #1.
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Figure 28: Generator line currents Iy, of the generator of wind turbine #1.

It is seen that the voltages increase the first 150 ms and then start to decrease.
The currents drop immediately after the trip, and drop to zero after 150 ms. The
corresponding instantaneous active and reactive power, calculated according to
(9) and (10) respectively are shown in Figure 29.
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Figure 29: Active and reactive power of the generator of wind turbine #1.

The active power drops immediately after the tripping corresponding to the
current drop. This is because the active power cannot be transmitted to the grid
any more. Still, the generator is fed with reactive power from the island grid, i.e.
from the capacitors. After 150 ms, the generator currents drop to zero because
the generator and/or the capacitors are disconnected.

Figure 30 and Figure 31 show the generator speed and the shaft torque in the
same period as the electrical time series were shown in the previous figures. It is
seen that the shaft torque drops as expected because the electrical torque drops
right after the tripping. At the same time, the rotor speed accelerates because the
aerodynamic torque is no longer balanced by the shaft torque. The fast speed
reaches a maximum, which is mainly due to a combination of two related ef-
fects: The first effect is that the blades start to pitch which reduces the aerody-
namic torque and soon makes the aerodynamic torque negative which breaks
the blade rotor. The second effect is that the shaft spring oscillation changes
direction.
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Figure 30: Generator rotor speed of wind turbine #1.
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Figure 31: Shaft torque of wind turbine #1.

The oscillation of the drive train is much clearer when we show the speed and
torque in a longer time scale as in Figure 32 and Figure 33. As mentioned in
section 0, the torque measurement can be used to estimate the stiffness and
damping for the drive train model, which has been done, and confirmed good
agreement with the first values supplied by NEG-Micon. The next thing which
is observed is that there is a significant effect of the backlash in the gearbox,
causing the torque to stay around zero for some time when it crosses zero.
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Figure 32: Rotor speed of wind turbine #1.
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Figure 33: Shaft torque of wind turbine #1.
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The frequency of the low voltages in Figure 27 is shown in Figure 34. After
the tripping, the slip must come to zero because the power cannot be transmitted
to the grid. This makes the frequency increases right after the tripping. Then the
frequency follows the generator rotor speed (compare to Figure 30) until the
generator trips at 150 ms. After that, the frequency is only changed a little until
at 200 ms, where it drops rapidly together with the voltage (Figure 27). The
drop in voltage and frequency is a consequence of the trip of the generator and
capacitors.

Frequency [Hz]
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-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
Time [s]

Figure 34: Frequency of low voltage in wind turbine #1.

The measurements of the voltages and currents on the 10 kV wind turbine
terminal and the collection cable in Grevinge are shown in Figure 35 -Figure 38.
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Figure 35: Line to neutral voltages U yy,,, measured at the 10 kV terminal of
wind turbine #1.
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Figure 36: Line currents 19, measured at the 10 kV terminal of wind turbine

#1.
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Figure 37: Line to neutral voltages Ug, measured at the western 10 kV wind
farm power collection cable in Grevinge substation.
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Figure 38:Line currents I, measured at the western 10 kV wind farm power
collection cable in Grevinge substation.

It is seen that the voltage on the 10 kV terminals of the wind turbine in Figure
35 has a shape very similar to the low voltage bus bar Figure 27, while the dis-
tortion of the voltage in Grevinge in Figure 37 is small. It is also seen that the
currents at the 10 kV terminals in Figure 36 go to zero immediately, while the
current in Grevinge in Figure 38 keeps a small value after the tripping, feeding

Risg-R-1331(EN)

35



36

capacitive current to the unloaded power collection line. It should be noted that
the distinct steps in the currents Figure 38 is due to discretisation noise, because
the gain in the SCXI-1141 lowpass filters (see section 5.3.1) was set too small
for the current measurements in Grevinge, and consequently these current sig-
nals for the ADC are small. However, this is not critical for the present study.

5.5 Trip of 10 kV wind farm collection cable at
substation

5.5.1 Description of experiment

The scope of this experiment is to isolate wind turbine #1 on one of the wind
farm collection cables as illustrated in Figure 26, and trip the collection cable
with the 10 kV breaker in Grevinge substation Bg,. The measurement points are
the same as in the previous experiment, i.e. U,y and [, together with the me-
chanical loads in the nacelle of wind turbine #1, U,y,, and I;y,, at the 10 kV
connection point of wind turbine #1, and Ug, and I, on the collection cable in
Grevinge substation.

5.5.2 Measurement results

The measurements have been synchronised manually so that the trip of the col-
lection cable is activated at t=0. Figure 39 shows the line to neutral voltages U,y
and the simultaneous generator line currents /,,, are shown in Figure 40.

U2
0.5 4] — Yg
-0.5 ]
1 1

-1 L L L L L L
-0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time [s]

Voltage [kV]
o

Figure 39:Line to neutral voltages Uy measured at the 960 V bus bar of wind
turbine #1.

Risg-R-1331(EN)



Current [kA]
o

_2 1 1 1 1 1 1 1 1 1
-0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time [s]

Figure 40: Measured line currents Iy, of the generator of wind turbine #1.

It is seen that the voltages increase the first 180 ms and then start to decrease.
The current drops immediately after the trip because the power cannot be ex-
ported to the grid any more, and goes to zero after 180 ms because generator
and/or capacitor is disconnected.

Figure 41 and Figure 42 show the rotor speed and the shaft torque. The oscil-
lation of the drive train is quite similar to the oscillations measured in the previ-
ous experiment, shown in Figure 32 and Figure 33.
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Figure 41: Rotor speed of wind turbine #1.
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Figure 42: Shaft torque of wind turbine #1.
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The measurements of the voltages and currents on the 10 kV wind turbine

terminal and the collection cable in Grevinge substation are shown in Figure 43
- Figure 46.
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Figure 43:Line to neutral voltages Uy, measured at the 10 kV connection point
of wind turbine #1.
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Figure 44:Line currents I,,, measured at the 10 kV connection point of wind
turbine #1.
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Figure 45:Line to neutral voltages Ug, measured at the western 10 kV wind
farm power collection cable in Grevinge substation.
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Figure 46:Line currents I, measured at the western 10 kV wind farm power
collection cable in Grevinge substation.

It is seen that the voltage on the 10 kV terminals of the wind turbine has a
shape very similar to the generator voltage, while the distortion of the voltage in
Grevinge is small. It is also seen that the currents at the 10 kV terminals keep a
small value after the tripping, because in this experiment the capacitive current
to the power collection line is fed from the wind turbine, and that these currents
decrease with the voltage. The currents in Grevinge go to zero immediately be-
cause there is no load seen from Grevinge in this case.

5.6 Emergency stop of one wind turbine

5.6.1 Description of experiment

The scope of this experiment is to isolate wind turbine #1 on one of the wind
farm collection cables as illustrated in as in Figure 26, and activate the emer-
gency stop of wind turbine #1. The measurement points are the same as in the
previous experiments, i.e. Uy and I,., together with the mechanical loads in the
nacelle of wind turbine #1, Uy, and Iy, at the 10 kV connection point of wind
turbine #1, and Ug, and I, on the collection cable in Grevinge substation.

5.6.2 Measurement results

The measurements have been synchronised manually so that the emergency stop
of wind turbine #1 is activated at t=0. Figure 47 shows the line to neutral volt-
ages Uy and the simultaneous line currents /,,, are shown in Figure 48.
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Figure 47:Line to neutral voltages Uy measured at the 960 V bus bar of wind
turbine #1.
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Figure 48:Measured line currents I,., of the generator of wind turbine #1.

It is seen that the effect on the voltage U,y is small, because the wind turbine
stays on the grid. However, the generator is disconnected, and the currents drop
immediately after the activation of the emergency stop, and goes to zero already
after approximately 1.5 line periods. The corresponding instantaneous active
and reactive power, calculated according to (9) and (10) respectively are shown
in Figure 49. It shows that the active power and the corresponding reactive
power decreases at time =0, which could be due to blade pitching and/or me-
chanical braking.
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Figure 49: Active and reactive power of the generator of wind turbine #1.

Figure 50 and Figure 51 show the oscillations in the generator speed and the
shaft torque after activation of the emergency stop. The torque in this case oscil-
lates around a mean value greater than zero, probably because the mechanical
brakes are active during the emergency stop. As a consequence, there is no
backlash in the torque, and it is also seen that the period time for the torque os-
cillations is reduced with approximately 15 % compared to Figure 33, which is
likely to be due to the missing backlash. Thus, if backlash is introduced in a fu-
ture model, the estimation of the stiffness would be more complex.
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Figure 50: Generator speed of wind turbine #1.
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Figure 51: Shaft torque of wind turbine #1.

The measurements of the voltages, currents and power on the 10 kV wind tur-
bine #1 connection point and the collection cable in Grevinge are shown in
Figure 52 - Figure 57.
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Figure 52:Line to neutral voltages Uy, measured at the 10 kV connection point
of wind turbine #1.
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Figure 53:Line currents I, measured at the 10 kV connection point of wind
turbine #1.
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Figure 54: Active power P, and reactive power Q. measured at the 10 kV
connection point of wind turbine #1.
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Figure 55: Line to neutral voltages Ug, measured at the western 10 kV wind
farm power collection cable in Grevinge substation.
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Figure 56: Line currents I, measured at the western 10 kV wind farm power
collection cable in Grevinge substation.
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Figure 57: Active power Pg, reactive power Qg, measured at the western 10 kV
wind farm power collection cable in Grevinge substation.

It is seen that the distortion of the voltages is small. It is also seen that the cur-
rents at the 10 kV terminals go to zero immediately, while the current in Grev-
inge keeps a small value after the tripping, feeding capacitive current to the
power collection line. Finally, note that t = 0 has been selected as the first time
where something transient happens, and that the first thing which happens ac-
cording to reactive power in Figure 54 and Figure 57 is that the capacitors are
tripped which causes the wind turbine to consume reactive power (i.e. reactive
power becomes negative), and very short after that (at approximately ¢ = 30 ms),
also the generator is tripped. After both capacitors and generator are tripped,
constant reactive power is produced from the cable to the substation as seen in
Figure 57.

5.7 Islanding of two wind turbines

5.7.1 Description of experiment

The scope of this experiment is to isolate wind turbine #1, #2 and #6 on one of
the wind farm collection cables and trip wind turbine #2 and #6 with the 10 kV
breaker at wind turbine #1 on the cable to wind turbine #2. Figure 58 shows the
connection of the wind farm for the experiment. The activated breaker for this
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experiment is B,,;;. In order to avoid overload of the western collection cable
and not to take any risks with the privately owned wind turbines, the privately
owned wind turbine #3 is stopped during the experiment.

3 8

gen U I
T ULV 10we2 7 10wr2) T
= WT#2 WT#5
T U 10wt6 U10w16 T
T T WT#3 WT#6
T

Figure 58. Wind farm connection for trip of wind turbine #2 and #6.

There are two measurement points on the island. The first measurement point
is on the 10 kV connection point in the tower bottom of wind turbine #2. Here 3
phase voltages U,,» and currents I,,, are measured according to the descrip-
tion in chapter 5.3.3.

The second measurement point is on the 10 kV connection point in the tower
bottom of wind turbine #6. Here 3 phase voltages U, and currents ;. are
measured according to the description in chapter 5.3.3.

Also a measurement point in the nacelle of wind turbine #1 was prepared.
However the measurements in the nacelle failed during this experiment.

5.7.2 Measurement results

The measurements of the voltages, currents and power on the 10 kV wind tur-
bines #2 and #6 connection points are shown in Figure 59 - Figure 64, and the
frequency of the voltage is shown in Figure 65.
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Figure 59: Line to neutral voltages U jy,; measured at the 10 kV connection
point of wind turbine #2.
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Figure 60: currents 1,9, measured at the 10 kV connection point of wind tur-
bine #2.
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Figure 61: Active power Py, and reactive power Qo2 measured at the 10 kV
connection point of wind turbine #2.
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Figure 62: Line to neutral voltages Uy, measured at the 10 kV connection

point of wind turbine #6.
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Figure 63: Line currents I;y,,c measured at the 10 kV connection point of wind

turbine #6.
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Figure 64: Active power P j9,,s and reactive power Q o, measured at the 10 kV

connection point of wind turbine #6.
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Figure 65: Frequency of the voltage U g, measured at the 10 kV connection
point of wind turbine #2.

Initially, the wind turbines do not produce the same power and they also con-
sume different amount of reactive power. Wind turbine #6 produces more than
wind turbine #2, apparently because the wind speed is a little higher at wind
turbine #6 when the island is established by the tripping. As a consequence,
wind turbine #6 will rotate slightly faster than wind turbine #2. When the wind
turbines are isolated, power cannot flow into the grid any more, and a new
“steady state” with a higher grid frequency must occur (confirmed in Figure
65), so that the average of the slips in the two wind turbines becomes zero.
Since wind turbine #6 rotates faster, it will get a positive slip in the new steady
state, while wind turbine #2 will get a corresponding negative slip, and conse-
quently power will flow from #6 to #2, which is also seen to be the case from ¢
=0to#=0.11s.

5.8 Voltage change due to tripping

5.8.1 Description of experiment

The scope of this experiment is to isolate wind turbine #1, #2 and #6 on one of
the wind farm collection cables and trip wind turbine #2 and #6 with the 10 kV
breaker at wind turbine #1 on the cable to wind turbine #2 as described in sec-
tion 5.7.1.

In the present experiment, there are two measurement points. The first meas-
urement point is in the nacelle of wind turbine #1. Here 3 phase voltages U,y
and currents /., are measured together with the mechanical measurements of
torque and speed according to the description in chapter 5.3.2.

The second measurement point is on the 10 kV connection point in the tower
bottom of wind turbine #6. Here 3 phase voltages U, and currents Ig,,s are
measured according to the description in chapter 5.3.3.

5.8.2 Measurement results

The measurements of the voltages, currents and instantaneous power on the low
voltage side of wind turbine #1 are shown in Figure 66 and Figure 68. The trip-
ping is seen clearly on the currents and on the power, but it is not immediately
visible on the voltage. However, the changes in currents and power are due to a
voltage change, because wind turbine #1 can only see the tripping of the two
neighbouring wind turbines because it changes the voltage. Note that Figure 68
shows very clearly the 50 Hz fluctuations, which are due to the generator stator
flux transients.
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Figure 66: Line to neutral voltages U,y measured at the 960 V bus of wind tur-
bine #1.
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Figure 67: Measured line currents I, of the generator of wind turbine #1.
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Figure 68: Active power P, and reactive power Q,., of the generator of wind
turbine #1.

The change in voltage is much clearer from the positive sequence of the volt-
age shown in Figure 69. The reason why the voltage step down ramp seems to
last 20 ms is that the software uses a full line period to fit the fundamental, and
therefore the full effect is not seen before the voltage has decreased in a full line
period.
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Figure 69: Positive sequence of the low voltage Uy of wind turbine #1.

Figure 70 shows the power from the 10 kV terminal of wind turbine #6. When
the wind turbines #2 and #6 were tripped, #6 produced 1.9 MW and consumed
250 kvar reactive power. Unfortunately, the power is not available from wind
turbine #2, but we will assume that it has been in the same state, although it
probably produced a little less, since wind turbine #6 produces power in the is-
land (after = 0), and this power must be consumed by turbine #2 as it was the
case in the previous islanding experiment (see Figure 61 and Figure 64).
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Figure 70: Active and reactive power from wind turbine #6.

5.9 Voltage change due to tap position changing

5.9.1 Description of experiment

The scope of this experiment is manually and online to change the tap position
of the substation transformer Tr#1, to which the whole wind farm is connected
as indicated in Figure 6.

In the present experiment, there are two measurement points. The first meas-
urement point is in the nacelle of wind turbine #1. Here 3 phase voltages U,y
and currents /o, are measured together with the mechanical measurements of
torque and speed according to the description in chapter 5.3.2.

The second measurement point is on the 10 kV connection point in the tower
bottom of wind turbine #6. Here 3 phase voltages U, and currents I, are
measured according to the description in chapter 5.3.3.
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5.9.2 Measurement results

The measurements of the voltages, currents and instantaneous power on the low
voltage side of wind turbine #1 are shown in Figure 71 - Figure 73. The change
of tap position is not immediately visible on the voltages, but it is seen clearly
on the power as excitation of stator flux transients with fundamental frequency
(50 Hz). However, the changes in power is due to a voltage change, because
wind turbine #1 can only see the tap change because it changes the voltage.
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Figure 71: Line to neutral voltages Uy measured at the 960 V bus of wind tur-
bine #1.

Figure 72 indicates that the currents drop the first line period after the tap
change. The other, much slower fluctuations in the currents are due to turbu-

lence in the wind speed, which is also seen as slow power variations in Figure
73.
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Figure 72: Measured line currents Iy, of the generator of wind turbine #1.
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Figure 73: Active power P, and reactive power Q,., of the generator of wind
turbine #1.

The change in voltage is much clearer from the positive sequence of the volt-
age shown in Figure 74. There is a distinct increase in voltage before it de-
creases, which has been confirmed to be general by several repetitions of the
experiment. The voltage shape in Figure 74 indicates that the tap change is not a
simple switch from one position to another of the tap position, but the coupling
is somehow softened.
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Figure 74: Positive sequence of the low voltage ULy of wind turbine #1.

6 Comparison of simulations and
measurements

6.1 General

In this chapter, results from simulations of the transient events described in
chapter 5 are presented and compared to the measurements. The simulations are
done either with the DIgSILENT model or with the EMTDC model.
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6.2 Trip of one wind turbine at 10 kV terminal

The experiment “Trip of one wind turbine at 10 kV terminal” is described in
section 5.4. This experiment has been simulated with the DIgSILENT model. In
the present section, we will present the simulation results and compare them to
the measurements.

Figure 75 shows the simulated line to neutral voltages ULy at the 960 V bus of
wind turbine #1. Compared to the corresponding measured voltages in Figure
27, it is immediately seen that the voltages increase in the first 150 ms in simu-
lations as well as measurements. At that time, the contactors on generator and
capacitors are activated to open. However, each contactor will not open before
the first zero crossing of the corresponding current. After 200 ms the measured
voltages seem to decrease almost exponentially and the frequency in Figure 34
decreases fast but continuously. At the same time (after 200 ms), the simulated
voltage drops immediately to zero. The difference is probably due to the hy-
draulic pump, which is not included in the simulations. That small electrical
machine would prevent the voltage from dropping to zero immediately after
generator and capacitors are disconnected, even though its inertia is very small.
Thus, the measured and simulated voltages increase quite similarly in the first
150 ms, but after that they come to zero quite differently, probably because a
hydraulic pump is active, and this is not included in the simulations.
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Figure 75: Simulated line to neutral voltages U,y at the 960 V bus of wind tur-
bine #1.

Figure 76 shows the simulated line currents I,., of the generator of wind tur-
bine #1. Compared to the corresponding measured currents in Figure 28, it is
immediately seen that the currents increase in the first 150 ms in simulations as
well as measurements. After that, both measured and simulated currents drop to
zero because the generator is disconnected. Thus, simulated and measured gen-
erator currents immediately look very similar in the whole time interval.
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Figure 76:Simulated line currents I,., of the generator of wind turbine #1.

Figure 77 compares measured and simulated (DIgSILENT) instantaneous
generator power of wind turbine #1. Simulation and measurement agree very
well the first 5 ms after the tripping, where the power drops to zero. After that,
the simulations show significant oscillations with approximately 220 Hz, which
can be seen also in the measurements, but much less significant, and at a higher
frequency. Moreover, the measured power shows 50 Hz oscillations in the
power, which are not present in the simulations.
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Figure 77: Measured and simulated (DIgSILENT) generator power of wind tur-
bine #1.

An attempt has been done to identify the 220 Hz oscillations in the simula-
tions. From the equivalent in Figure 16, when the wind turbine is tripped on the
10 kV terminals, the capacitor C=Cyr; approximately looks into the inductance
L= Lgs+Lg, Seen from Cyr;, the other capacitors can be discarded because they
are decays lower than Cyr,, and the shunt inductances Lz, and Lg,, can be dis-
carded because they are decays higher than the serial inductances. Inserting
these values for C and L in ((6), an eigenfrequency f=156 Hz is found. Thus,
this estimate provides an order of magnitude of the frequency, but not an exact
value. However, to simplify the estimation, the generator model has been ap-
proximated to L= Lg,+Lg,, Where Lg, represents X; and Lg, represents X,y in
Figure 9. A more detailed eigenfrequency study has not been performed.

An attempt has been done to improve the simulation by including iron losses
in the generator model, which will in principle damp the oscillation between
Cwr; and the inductances. However, that only changed the simulation result
marginally, because the iron losses are very small, and consequently the damp-
ing effect is very small.
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Another reason for the difference in the 220 Hz component could be satura-
tion effects. However, this has not been investigated further.

The other difference is the 50 Hz oscillations in the measured power after the
tripping. The amplitude of this oscillation is almost 100 kW, and it originates
from dc components in the measured line currents after the tripping.

Figure 78 compares measured and simulated instantaneous reactive power
from the generator of wind turbine #1. Like for the active power, simulation and
measurement agree very well the first 5 ms after the tripping, where the reactive
power has a significant spike of approximately 1.5 Mvar. After that, the simula-
tions show significant oscillations with approximately 220 Hz, which can be
seen also in the measurements, but in the measurements these oscillations are
damped much faster.
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Figure 78: Measured and simulated (DIgSILENT) generator reactive power of
wind turbine #1.

Yet, the most important difference between simulation and measurement of
reactive power in Figure 78 is the fast increase in reactive power consumption
after the tripping, which is observed in the simulations. This is related to the
voltage increases, which is much faster in the simulations than in the measure-
ments as shown in Figure 79. This faster increase in the simulated voltage could
be because of the uncertainty in the generator parameters mentioned in section
3.3.1, and the omission of saturation in the models is also a possible explana-
tion. Figure 79 shows that the voltage increases quite linearly in the simulations
after =0.05 s, while the measured voltage has a more non-linear behaviour.
This difference confirms that saturation can be the main explanation, because
saturation introduces a non-linearity.
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Figure 79: Measured and simulated (DIgSILENT) positive sequence of genera-
tor voltage in wind turbine #1.
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Figure 80 shows measured and simulated generator speed of wind turbine #1.
Here, there is a very good agreement in the first second, but after that, the simu-
lated speed decreases slower than the measured. The main explanation for that
is probably that dynamic inflow is not included in the aerodynamic model as
mentioned in 3.3.3. Dynamic inflow generally enforces the immediate effect of
pitching the blades, until the inflow reaches a new steady state, and thus the dy-
namic inflow effectively increases the effect of the pitching until the new steady
state is reached.
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Figure 80: Measured and simulated (DIgSILENT) generator speed of wind tur-
bine #1.

Figure 81 shows the corresponding measured and simulated shaft torques. The
comparison confirms that backlash is relevant to include in the models, because
backlash not only causes small simulation errors in the zero crossings, but also,
as a consequence of the error in the zero crossings, the frequency of the oscilla-
tion is changed.
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Figure 81: Measured and simulated (DIgSILENT) shaft torque of wind turbine
#1.

Figure 82 compares measured and simulated voltages at the 10 kV terminal of
wind turbine #1. This voltage is very similar in shape to the low voltages in
Figure 79, because the transformer connects these two voltages during the
whole experiment.
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Figure 82: Measured and simulated (DIgSILENT) voltage at 10 kV terminal of
wind turbine #1.

Figure 83 compares measured and simulated reactive power at the 10 kV ter-
minals of wind turbine #1. This comparison is very convincing as a validation
of the simulation. Comparing to the reactive power at the low voltage terminals
in Figure 78, it is seen that the spike in the first few milliseconds after the trip-
ping is transmitted from the tripped wind turbine to the grid even though the
breaker has been opened. This is because an arc conducts the current until the
first zero crossing. After the arc is cleared, the transmitted reactive power be-
comes Zero.
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Figure 83: Measured and simulated (DIgSILENT) reactive power at 10 kV ter-
minal of wind turbine #1.

Figure 84 compares the frequency of the measured voltage Upy on the low
voltage terminals. The frequency of the voltage on the 10 kV terminal is quite
similar as expected, so this frequency will not be shown here. It is seen that the
frequency of the simulated frequency increases faster than the measured, which
corresponds to that the simulated generator speed in Figure 80 also increases
faster than the measured in the first 150 ms after the tripping.
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Figure 84: Measured and simulated (DIgSILENT) frequency of ULy of wind tur-
bine #1.

6.3 Trip of 10 kV wind farm collection cable at
substation

The experiment “Trip of 10 kV wind farm collection cable at substation” is de-
scribed in section 5.5. This experiment has been simulated with the DIgSILENT
model. In the present section, we will present the simulation results and com-
pare them to the measurements.

Figure 85 shows the simulated line to neutral voltages U,y at the 960 V bus of
wind turbine #1. Compared to the corresponding measured voltages in Figure
39, it is immediately seen that the voltages increase in the first 150 ms in simu-
lations as well as measurements. However, after 150 ms the measured voltages
seem to decrease almost exponentially like in the previous experiment (Trip of
one wind turbine at 10 kV terminal), while the simulated voltages changes to a
very slow damped fluctuation. Like in the previous experiment, the measured
frequency is probably continuously decreasing because a hydraulic pump is ac-
tive. But in the simulations, when both the generator and capacitor is discon-
nected after 150 ms, the transformer and power collection cable are left on an
island without rotating machines. The transformer and the cable can be ap-
proximated with a resonance circuit with an eigenfrequency of approximately
17 Hz corresponding to 58 ms period time, which corresponds quite well to
what can be observed in Figure 85.
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Figure 85:Simulated line to neutral voltages Uy at the 960 V bus of wind tur-
bine #1.
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Figure 86 shows the simulated generator currents. Compared to the corre-
sponding measured currents in Figure 40, the overall behaviour is quite similar,
with a current drop right after the tripping at # = O s, followed by an increase in
the current until it is disconnected at approximately ¢+ = 150 ms. However, it
looks like the simulated currents increase faster than the measured from # = 0 s

to t = 150 ms.
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Figure 86:Simulated line currents I,., of the generator of wind turbine #1.

This is confirmed looking at the active and reactive power in Figure 87 and
Figure 88. The active power mean value is close to zero after the tripping, while
the consumed reactive power increases, which takes place as a combination of
increased currents and voltages. Comparisons of fundamental voltages and cur-
rents in Figure 89 and Figure 90 confirm this, but the measured currents seem to
stabilise after the tripping rather than increase like in the simulation. Again,
saturation is a possible explanation for most of the difference, but this has not
been validated by simulations including saturation effects.
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Figure 87: Measured and simulated (DIgSILENT) generator power of wind tur-
bine #1.
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Figure 88: Measured and simulated (DIgSILENT) generator reactive power of
wind turbine #1.
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Figure 89: Measured and simulated (DIgSILENT) positive sequence of Uy
voltage of wind turbine #1.
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Figure 90: Measured and simulated (DIgSILENT) positive sequence of genera-
tor current Iy, of wind turbine #1.

Figure 91 and Figure 92 show the measured and simulated mechanical re-
sponse to the tripping, which is quite similar to the previous experiment.
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Figure 91: Measured and simulated (DIgSILENT) generator speed of wind tur-
bine #1.

1000 —— Measured
— DIgSILENT

€
£ 500
=3
)
=2 0
S
=
& —500

~1000 . . . . . . . .

-0.5 0 0.5 1 1.5 2 25 3 35 4
Time [s]

Figure 92: Measured and simulated (DIgSILENT) shaft torque of wind turbine
#1.

Figure 93 and Figure 94 show the reactive power on the 10 kV terminals of
wind turbine #1 and on the collection cable in Grevinge respectively. It is seen
that also this experiment results in a reactive power spike right after the trip-
ping. It is also seen that the size of the spike is larger at the wind turbine termi-
nals than in the substation. This is the case for both simulations and measure-
ments.
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Figure 93: Measured and simulated (DIgSILENT) reactive power at 10 kV ter-
minal of wind turbine #1.
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Figure 94: Measured and simulated (DIgSILENT) reactive power at 10 kV col-
lection cable in Grevinge substation.

6.4 Emergency stop

The emergency stop has not been simulated in the present project. The main
reason for omitting this simulation is that it will involve the mechanical brake,
which is not presently included in the models.

6.5 Islanding of two wind turbines

The experiment “Islanding of two wind turbines” is described in section 5.7.
This experiment has been simulated with the EMTDC model. In the present sec-
tion, we will present the simulation results and compare them to the measure-
ments.

Figure 95 - Figure 98 show the simulated voltages and currents on the 10 kV
terminals of wind turbine #2 and wind turbine #6 respectively. Compared to the
corresponding measurements in Figure 59 - Figure 60 and Figure 62 - Figure
63, the simulated voltages show higher transients right after the tripping than
what is observed in the measurements. Moreover, the simulated voltages differ
after the generators are tripped like in the previous experiments. The simulated
currents look more like the measured.
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Figure 95: Simulated (EMTDC) voltages at 10 kV terminal of wind turbine #2.
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Figure 96: Simulated (EMTDC) currents at 10 kV terminal of wind turbine #2.
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Figure 97: Simulated (EMTDC) voltages at 10 kV terminal of wind turbine #6.
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Figure 98: Simulated (EMTDC) currents at 10 kV terminal of wind turbine #6.

Figure 99 and Figure 100 compares the measured active and reactive power. It
is seen that the reactive power spike is not present in these simulations, which is
because the breakers have been assumed to disconnect completely immediately
after they are activated. This assumption was made in the EMTDC simulations
because vacuum breakers are used, but apparently an arc is still present until the
first zero crossing of the current. The immediate disconnection in the simulation
is probably also the reason for the transients in the simulated voltages in Figure
95 and Figure 97.
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Figure 99: Simulated (EMTDC) and measured power at 10 kV terminal of wind
turbine #2.
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Figure 100: Simulated (EMTDC) and measured reactive power at 10 kV termi-
nal of wind turbine #2.

The positive sequence of the measured and simulated voltage are compared in
Figure 101. Like in the previous experiments (simulated with DIgSILENT), it is
seen that the simulated voltages in the island increase significantly faster than
the measured. Also in this case, saturation is a possible explanation.
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Figure 101: Simulated (EMTDC) and measured voltage (positive sequence) at
10 kV terminal of wind turbine #2.

Risg-R-1331(EN)

63



6.6 Voltage change due to tripping

The experiment “Voltage change due to tripping” is described in section 5.8.
This experiment has been simulated with the EMTDC model and the DIgSI-
LENT model. In the present section, we will present the simulation results and
compare them to the measurements.

Figure 102 shows the simulated voltages Uy of the present experiment. The
voltage change is so small that it cannot be seen on the instantaneous values,
which is similar to the measurement result in Figure 66.
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Figure 102: Simulated (EMTDC) voltages ULy at the low voltage terminal of
wind turbine #1.

However, looking at the RMS value of the fundamental component in Figure
103, the voltage changes are clearly observed. It is seen that the measured volt-
age change is smaller than the simulated. The reason for the difference could
well be that the active and reactive power produced by wind turbine #2 is not
known, and was simply assumed to be the average of wind turbine #1 and #6.
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Figure 103: Fundamental component of the measured and simulated (EMTDC)
voltages Uy at the low voltage terminal of wind turbine #1.

The frequencies of the fundamental are compared in Figure 104. It is seen that
the phase step due to the tripping causes the frequencies to dip.
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Figure 104: Fundamental frequency of the measured and simulated (EMTDC)
voltages Uy at the low voltage terminal of wind turbine #1.

The simulated generator currents are shown in Figure 105. An immediate
comparison to the measured currents in Figure 67 indicates that the simulated
currents show similar current spikes as the measured in the first line period after
the tripping.
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Figure 105: Simulated (EMTDC) generator currents I, of wind turbine #1.

Looking at the positive sequence of the fundamental component of the gen-
erator currents in Figure 106, this is confirmed. The measured current is on the
way up before the voltage distortion (at = 0 s) because of turbulence, and this
change continues after the voltage distortion. The turbulence is not included in
the present simulations.
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Figure 106: Positive sequence of measured and simulated (DIgSILENT) gen-
erator currents lo,., of wind turbine #1.
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Figure 107 and Figure 108 compares measured and simulated active and reac-
tive power of the generator. It is seen that the simulation has been fitted to have
the same power as measured at t = 0, but this selection implies a simulated reac-
tive power consumption, which is approximately 100 kvar higher than the
measured reactive power. This is because of the necessary approximations in
the generator modelling as discussed in section 3.3.1.
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Figure 107: Measured and simulated (EMTDC) generator power P, of wind
turbine #1.
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Figure 108: Measured and simulated (EMTDC) generator reactive power Qyen
of wind turbine #1.

Figure 109 and Figure 110 show active and reactive power of the similar
simulation in DIgSILENT. Compared to Figure 107 and Figure 108, it is seen
that the simulations are quite similar, only the fundamental component in
EMTDC steady state are not present in DIgSILENT, and also not in the meas-
urements before the tripping.
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Figure 109: Measured and simulated (DIgSILENT) generator power P,,, of
wind turbine #1.
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Figure 110: Measured and simulated (DIgSILENT) generator reactive power
Qgen Of wind turbine #1.

Figure 111 compares measured and simulated shaft torque for t = -1 sto =3
s. Obviously, there is a distinct difference, which is due to the omission of tur-
bulence in the simulations as described above. Apparently, the special distribu-
tion of the turbulence in the rotor plane during the 4 seconds where the experi-
ment took place where fairly extreme, causing the turbulence generated 3 p
component (around 0.9 Hz) of the torque to be very high (the measured oscilla-
tion is 0.8-0.9 Hz, slightly different because the turbulence changes causing also
the frequency to vary slightly). It would be possible to simulate a turbulence
gust, which would result in the measured shaft torque, but this has not been im-
plemented. Anyway, the conclusion that the turbulence has much larger influ-
ence on the shaft torque than the voltage change resulting from the present ex-
periment is evident.
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Figure 111: Measured and simulated (DIgSILENT) shaft torque of wind turbine
#1.

This is also the case with the generator speed compared in Figure 112. The
simulation shows a distinct oscillation with the generator frequency at approxi-
mately 5 Hz. But the resolution of the speed measurement is too rough to reveal
the possible agreements with the simulations, and the correlation between speed
in Figure 112 and torque in Figure 111 is dominating the visible speed varia-
tions.
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Figure 112: Measured and simulated (DIgSILENT) generator speed of wind
turbine #1.

6.7 Voltage change due to tap position changing

The experiment “Voltage change due to tap position changing” is described in
section 5.9. This experiment has been simulated with the DIgSILENT model. In
the present section, we will present the simulation results and compare them to
the measurements.

Figure 113 shows the measured voltages, whereas Figure 114 compares the
RMS value of the positive sequence of the fundamental to the measurements.
Different from the previous test, both measured and simulated voltages have a
significant dynamic contribution with a time constant around 250 ms. It is also
seen that the simulation does not have the distinct increment which was ob-
served in a number of repeated experiments as mentioned in section 5.9.
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Figure 113: Simulated (DIgSILENT) voltages U,y at the low voltage terminal of
wind turbine #1.
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Figure 114: Fundamental component of the measured and simulated (DIgSI-
LENT) voltages U,y at the low voltage terminal of wind turbine #1.

The simulated currents and the corresponding positive sequence are shown in
Figure 115 and Figure 116 respectively. Figure 116 shows some agreement be-
tween the dynamics of the measurements and simulations in the first 50 ms after
the tap change, but apart from that the current is strongly influenced by turbu-
lence as in the previous case. However, it is difficult to assess the agreement
between the simulation and the measurement of the tap changing, because the
tap change has a relatively small influence on the dynamics, compared to the
influence of turbulence.
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Figure 115: Simulated (DIgSILENT) generator currents I,., of wind turbine #1.
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Figure 116: Positive sequence of measured and simulated (DIgSILENT) gen-
erator currents Iy, of wind turbine #1.

7 Conclusions

The main conclusions of the present work are listed below:

e Comparisons between simulations of a symmetric short circuit with
EMTDC and the EMT models in DIgSILENT show an extremely
close agreement between simulations with the same basic options, i.e.
same generator steady state model, no saturation and same time steps.
A similar simulation case has been selected for a Benchmark model,
because the comparison has given high trust in the simulation results.

e Comparisons between simulations with DIgSILENTs EMT model
and RMS model show that if no fast relays are tripped, the long-term
stability of the system is not affected by the generator stator flux tran-
sients in the EMT model, and consequently the dynamic system sta-
bility can be studied using the RMS simulations, which is also tradi-
tionally done in stability simulation tools like PSS/E.

e Comparisons of EMTDC simulations with and without saturation re-
veal up to 10 % difference in the simulated peak currents with and
without saturation, but the difference is only distinct in the first line
period after establishing the short circuit and after clearing the short
circuit.

e Saturation may well be important in the tripping cases, as many of the
observed differences between measurements and simulations could be
due to lack of saturation in the simulations. Especially, it has gener-
ally been observed that the simulated voltages in the tripped (one or
two wind turbine) islands increase much faster than the measured
voltages. However, this statement has not been confirmed by simula-
tions including saturation effects.

e Saturation of all reactance in a generator and saturation of the mag-
netising reactance in a transformer can be modelled in EMTDC. In
DIgSILENT, modelling of saturation in a generator is not possible,
but the magnetising reactance of the transformer can be modelled
with saturation. The inclusion of saturation in the magnetising reac-
tances will limit the voltage, and therefore it may be possible with the
available DIgSILENT options to improve the simulation of the volt-
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age increase in the islanding cases. But it will probably not be possi-
ble with the present DIgSILENT options to improve the simulation in
the short circuit cases, because the higher short circuit currents are
due to saturation in the serial reactances in the generator. The
EMTDC options for saturation should be sufficient to improve simu-
lations in both cases.

¢ Dynamic inflow should be included in future aerodynamic models for
transient simulations, as this is a possible explanation of observed dif-
ferences between measurements and simulations.

e Backlash in the gearboxes should also be included in future models,
comparisons to measurements show that backlash has a distinct influ-
ence on the shaft torque during zero crossings, and the comparisons
also indicates that backlash effects the oscillation frequency on the
shaft

e The EMTDC simulations show a much more instantaneous drop than
the DIgSILENT simulations of current, active and reactive power
when a breaker is activated. The explanation is simple and gives a
very good idea of how difficult it is to make two teams with different
tools create identical transient simulations. The teams had overlooked
to agree on the expected way the different breakers should work. The
EMTDC team with its utility background opted for instantaneous
breaking for the 10 kV breakers and breaking at current zero for the
0,96 kV breakers. The DIgSilent team opted for breaking at current
zero for all breakers. The measurements proved the DIgSilent team
right.

e Data for the protection system has been invested very carefully in the
project, but still the comparisons between measurements and simula-
tions show that it has been quite difficult to get a precise idea of how
and when the breakers cutting out the capacitors of the turbine oper-
ates. NEGMicon provided all the data one could ask for and more re-
garding relay types, settings, drop out voltages - of all the different
components somehow included in the switching event. So the teams
agreed on each drawing their own conclusions on NEGMicons data —
each choosing a proper control, protection and timelag setup — each
doing their best to forecast the upcoming measurements.

e Comparisons of measurements and simulations in island operation
show very poor agreement after both generators and capacitors are
disconnected. The reason for the difference is probably that a hydrau-
lic pump is still on the island grid. However, this does not mean that it
is essential to include the hydraulic pump in the modelling, because it
is expected to have only little influence on the ride through capability
of the wind turbine in case of a grid fault. However, this example
shows that a wind turbine is a very complex unit, which makes mod-
elling a challenging task.
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Appendix A Benchmark model

A.1  General

The present Benchmark model provides the description of a simplified simula-
tion case of a short circuit in a reduced wind power installation. The selected
case is illustrated in the single line diagram in Figure A-1.

Figure A-1 Single line diagram of Benchmark case

A2 50KV grid

The 50 kV grid Gs in Figure A-1 is modeled by a Thevenin equivalent with the
data given in Table 1. The phase of the voltage is a O deg (i.e. first line to neu-
tral is a sinus).

Uy 50kV
R, 2.1156 Q3
Xth 8.2998 Q)

Table 1. 50kV grid ( Gsy) data

A.3  50/10 kV transformer

The 50/10.5 kV transformer 7ss in Figure A-1 is modeled by a T-equivalent
with the data given in Table 2. All reactances are without saturation. No-load
losses are not included. The phase connection is YNd5. The transformer is di-
rectly grounded.
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S 16 MVA
U, 50 kV
U, 10.5kV
R, 0.4052 Q
X, 7.655 Q)
X 19530 O
R/ 0.4052 Q
X, 7.655 Q)

Table 2. 50/10 kV transformer (Tg; ) data

A.4  Short circuit

SC in Figure A-1 is a 3 phase short circuit, duration 100 ms, error impedance
before the short circuit is 1 M (star impedance). The short circuit impedance is
0.00011 Q (star impedance, corresponds to 0.00033 Q delta impedance in

EMTDC).

A5 10 kV collection cable

The wind farm 10 kV collection cable Cac, in Figure A-1 is modeled by a =-
equivalent with the data given in Table 3.

C 1.58 uF
R 0.7568 Q

0.4473 Q
&) 1.58 uF

Table 3. Wind farm 10 kV collection cable (Cac, ) data

A.6 10/0.96 kV transformer

The 10/0.96 kV transformer Twr; in Figure A-1 is modeled by a T-equivalent
with the data given in Table 4. All reactances are without saturation. No-load
losses are not included. The phase connection is Dyn5. The transformer is di-
rectly grounded.
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Sn 2 MVA

Uy 10.5 kV
U, 0.96 kV
R, 0.2756 Q
X, 1.654 Q
X 6890 O
R/ 0.2756 Q
X, 1.654 O

Table 4. 10/0.96 kV transformer (Twr1 ) data

A.7  Wind turbine capacitor bank

The 0.96 kV capacitor bank in the wind turbine Cyr in Figure A-1 is delta con-
nected, with the capacity C, = 1333 4F in series with R, = 0.003 Q.

A.8  Wind turbine generator

The induction generator in the wind turbine Gwr in Figure A-1 is modeled by a
T-equivalent with the data given in Table 5.

Sa 2.3 MVA
U, 0.96 kV
No 1500 rpm
R 0.004 ©
X 0.05
Xm 1.6 Q
R/ 0.004 ©
X/ 0.05 Q

Table 5. Induction generator data

A.9  Mechanical system
The mechanical system is modelled according to Figure A-2
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Figure A-2. Mechanical system

The data for the model is given in Table 6.

LIytr 4.176 - 10° kg m?
Loen 93.22 kg m*
Kons 8.949 - 10’ Nm / rad
f 80

Table 6. Mechanical system data

A.10 Simulation options

The aerodynamic torque is adjusted to give 2MW electrical power from the
wind turbine generator Gyt and kept constant through and after the short cir-
cuit.

The simulation are performed with fixed time steps T, = 10 us. The simu-

lated time series are saved with time steps Ty, 100 us, i.e. data is reduced with a
factor 10 before it is saved.

A.11 Simulation results

The simulation results for EMTDC as well as DIgSILENT simulations are
shown below, to give an indication of the acceptable agreement.

—— EMTDC U,
—— EMTDC U23
—— EMTDC Us,
. DIgSILENT U,
DIgSILENT Uyg
. DIgSILENT U,,

Line voltage [kV]

-0.05 0 0.05 0.1 0.15
Time [s]

Figure A-3 Generator voltages U,,, during and around the short circuit pe-
riod.
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Figure A-4 Generator voltages U,., during the first 20 ms (1 line period) of
the short circuit.
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Figure A-5 Generator voltages U, in the first 50 ms (2.5 line periods) right
after clearance of the short circuit
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Figure A-6 Generator currents I,., during and around the short circuit
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Figure A-7 Generator torque Ty, during and around the short circuit
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Figure A-8 Longer-term generator torque T, during and around the short
circuit
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Figure A-9 Longer-term generator speed fluctuations caused by the short
circuit
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Figure A-10 Longer-term wind turbine rotor (WTR) speed fluctuations
caused by the short circuit

Risg-R-1331(EN)

79



Bibliographic Data Sheet Risg-R-1331(EN)

Title and authors

Simulation and verification of transient events in large wind power installations

Poul Sgrensen, Anca D. Hansen, Peter Christensen, Morten Mieritz, John Bech,
Birgitte Bak-Jensen and Hans Nielsen

ISBN ISSN
87-550-3030-0; 87-550-3031-9 (Internet) 0106-2840
Department or group Date

Wind Energy Department October 2003
Groups own reg. number(s) Project/contract No(s)
1115024-1 Bro-91.054 (FU 1103)
Pages Tables Illustrations References

80 6 124 15

Abstract (max. 2000 characters)

Models for wind power installations excited by transient events have been de-
veloped and verified. A number of cases have been investigated, including
comparisons of simulations of a three-phase short circuit, validation with meas-
urements of tripping of single wind turbine, islanding of a group of two wind
turbines, and voltage steps caused by tripping of wind turbines and by manual
transformer tap-changing. A Benchmark model is also presented, enabling the
reader to test own simulation results against results obtained with models devel-
oped in EMTDC and DIgSILENT.

Descriptors INIS/EDB

COMPUTERIZED SIMULATION; ELECTRICAL TRANSIENTS;
MATHEMATICAL MODELS; VERIFICATION; WIND POWER PLANTS




	Introduction
	Simulation tools
	Features of EMTDC and DIgSILENT
	Electrical components models
	Cable model
	Transformer model
	Induction generator model


	Detailed simulation model
	General
	Grid model
	Wind turbine model
	Electrical model
	Mechanical model
	Aerodynamic model
	Control and protection system

	Simulation outputs and data analyses

	Simulation with idealised models
	Description of idealised models
	Single line diagram
	Simulation time steps

	Comparison of EMTDC and DIgSILENT basic models
	Short circuit comparison
	Steady state comparison
	Resonances above fundamental frequency
	Short circuit impedance definition

	Influence of saturation models
	Comparison of EMT and RMS models

	Transient experiments
	General
	Selection of transient experiments
	Measurement system
	Data acquisition system
	Wind turbine nacelle instrumentation
	Wind turbine 10 kV terminals instrumentation
	Substation 10 kV wind farm collection line instrumentation

	Trip of one wind turbine at 10 kV terminal
	Description of experiment
	Measurement results

	Trip of 10 kV wind farm collection cable at substation
	Description of experiment
	Measurement results

	Emergency stop of one wind turbine
	Description of experiment
	Measurement results

	Islanding of two wind turbines
	Description of experiment
	Measurement results

	Voltage change due to tripping
	Description of experiment
	Measurement results

	Voltage change due to tap position changing
	Description of experiment
	Measurement results


	Comparison of simulations and measurements
	General
	Trip of one wind turbine at 10 kV terminal
	Trip of 10 kV wind farm collection cable at substation
	Emergency stop
	Islanding of two wind turbines
	Voltage change due to tripping
	Voltage change due to tap position changing

	Conclusions

