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ELECTRICAL eGRID

9.0

9.0.1

Introduction to eGRID and Step-by-step guide

The influences of turbines (WTGs) on the electric grid of the utility as well as an optimised design of grid
connection due to economic aspects play a more and more important role.

By using the module eGRID, the essential influences of WTG projects on the electric grid can be calculated
and documented for unmeshed wind farm and grid cabling by load-flow and short-circuit calculations.
Specifically, it is possible to calculate:

Annual losses in cables, lines and transformers based on local wind climate,
Voltages at the grid nodes and utilization check of the components (design check)
Voltage variations at the grid nodes,

Increase of short-circuit current,

Long term flicker,

Voltage variations due to switching effects.

Furthermore, the calculation results are checked against compliance of norms / standards or free-definable
guidelines. Everyone, dealing with the electric grid connection of WTGs like planners, manufacturer, grid as
well as wind farm operators get with windPRO and the module eGRID an valuable tool, which can be used to
determine and to check the influences of planned WTG projects on the one hand and on the other hand to
optimise the grid connection of a wind farm in relation to energetic and economic terms.

Background of eGRID

The module eGRID have been developed within the frame of the EU-Project ,DISPOWER®
(www.dispower.org) in collaboration with University Kassel (Institut fiir Elektrische Energietechnik/Elektrische
Energieversorgungssysteme, Kassel) and ISET (Institut fiir Solare Energieversorgungstechnik, Kassel).

In order to work with eGRID, the windPRO module BASIS is required. In BASIS, the project-, object- and map
management is being arranged. Please read the corresponding chapter in the documentation for the
module to get further information.

eGRID is used for the calculation and estimation of electric influences of single WTGs or wind farms to the
electric grid based on load-flow and short-circuit calculations of radial grids. Hereby, a symmetric three-phase
grid structure represents the basis of the load-flow calculations. The German norm VDE 0102 respectively the
international norm IEC 60909 is the basis for the short-circuit calculations.

Further, the module provides you with the possibility to perform a calculation of the annual losses within the
wind farm cabling based on given wind conditions. By using the results of this calculation, an optimised grid
layout based on economic parameters can be designed.

Additionally, within the grid topology the used objects like transformers, WTGs as well as total cable lengths
are documented and displayed in order to facilitate the generation of specification sheets. For these
calculations, the digital contour lines, which have been created for other calculation purposes within windPRO,
are used to calculate the lengths of cables and overhead lines automatically.
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9.0.2 Step by Step guide to the Electrical Calculations
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O
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©

h the maps (if you want a graphical input on the maps) and the relevant project properties
refer to chapter BASIS)

To take advantage of the advanced calculation of cable/line lengths, taking the elevation into
account, height contour data should be established in a line object. See chapter 2.8 BASIS for
details.

h the relevant objects;

WTGs — these can in WTG catalogue be extended with electric properties, e.g. build in
transformer and cables for advanced calculations, but for most “traditional” analyses, the WTG
can just be connected and handled based on the given power. Cos(phi) can be added at the
beginning of the calculation.

External Grid, for defining voltage levels and short circuit power at the grid connection point.
Electrical cable/line object, which holds the information of all grid lines. The object works as a
special variant of the windPRO line object, meaning that it must be in edit mode to add/edit
lines. Lines can be digitized on map background and “snapped” to objects, like WTGs or
transformers, which mean that moving a WTG or transformer automatically moves the line. By
right-clicking when digitizing a line, an object, like a transformer can be created and “dropped”
at the end of the line being digitized. The dimensions and electric properties of the lines can be
given as generic, meaning that the software automatically calculates the dimensions based on
voltage, load etc. This is recommended to use in the preface of the grid design.

Transformers, bus bars (for splitting a cable/line to go to more destinations), loads and WTGs
can be inserted as free objects, but must then be connected via the Electrical cable/line object
later on to take part in the calculation.

calculations

Start the calculation using the project manager and choose the desired calculations.
Especially for the loss calculation, the expected annual wind farm production must be entered
or the expected wind distribution, which then gives the rough energy calculation for use in the
loss calculation. Note the loss calculation is based on a simulation of different feed-in
situations of the WTGs.

Preview/Print the results
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9.1 Input of data for Electrical Calculation
9.1.1 The eGRID Objects
Please read for general information about the work with maps and objects in windPRO.
# 20
[
==

7 @
T ¢

In the object bar to the right of the map, the eGRID objects are collected into one expandable object button.
The External grid object, which is the first to establish, when designing an electrical grid system, is also the
object holding the rest of the eGrid tools. By mouse over the External grid object, four additional objects are
presented: Electrical grid (for drawing the grid lines), The bus bar (for connecting more different cable/lines),

the Transformer and finally the Load object.

9.1.2 Input of an External Grid (Grid connection point)

#

With the symbol External Grid, a new grid connection point is being placed on the map. The user interface for
the entry of the relevant data (Figure 1) appears.
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\ Input of data for Electrical Calculation 5

W External grid  (External grid) O X
Position Layers | Data | Description ok
® Infinite Short Circuit Power 90.00 Cancel
Short Circuit Power Sk [MWA] 0.00

Subtransient Short Circuit Power Sk" [MVA]
Short Circuit Current Ik [ka] Other data

SubstrancientShort Circuit Current Tk" [kA] Values used to calculate necessary
cable capacity based on the power
feed-in of WTGs

Voltage level name: MY - Prev
Default CosPhi used for WTGs with no
Frequency (Hz): 50 - eGrid data
| Next
|| Voltage levels that can be used in current grid (when inserting 1.00

Increase factor

Level Name Nominal voltage (kV +% - %  Line Style nane

MV 33 0 0 —_— power curve maximum
® 10 min maximum
1 min maximum
instant maximum

Default Increase factor used for
WTGs with no eGrid data

1.00
].

Load Save Edit Add Remove

Figure 1 User interface of an External Grid

The External Grid represents the basic component of the whole grid. Due to the fact that there will be only one
External Grid object in most of the projects, this object is not only being used to enter the parameters of the
connection point itself like e.g. short-circuit power and frequency. Additionally, all voltage levels to be used
later for designing the grid as well as a default increase factor and a CosPhi-value for the WTGs have to be
specified. Considering the increase factor and the CosPhi-value, minimum cross sections of cables are
proposed performing the cabling of the grid (Cable Cross Section Assistant).

Naturally, it is possible to enter several External Grid objects e.g. to describe alternative connection
possibilities. Doing so, the External Grid object which shall be considered in a calculation has to be chosen in
the calculation setup, defining the calculation itself.

For the parameter input, different input alternatives like the specification of the short-circuit power Sk or the
sub-transient short-circuit power Sk” as well as the grid angle W« and the R/X-ratio are presented.

After data entry of all nominal voltage levels in the grid, which can be designated to an individual colour and
displayed using this colour at the map, the nominal voltage for the External Grid as well as all other grid
objects can be assigned using convenient drop-down menus.

Furthermore, it is also possible to designate the maximum allowed voltage variation to each voltage level. The

compliance to this range is being checked for every single grid node after a calculation. The maximum allowed
voltage levels can also be given at the time when the calculation is started.
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Voltage levels that can be used in current gi

Define Grid Voltage Level x
Level Name HNominal voltage (kv +
MY 13 o | Level Name:
Mominal voltage (kv): 0.00
Default max allowed variations:+%] 0.0| -85:| 0.0
Line color: - -
Line width: 2 -
|
Cancel !
Load Save Edit Add | Remove ‘

Figure 2 Definition of a voltage level. The name is free text, choosing e.g. “high”, “medium” “low” or
similar, allows the user to redefine voltage levels without having incompatible names related to the
specified voltages.

9.1.3 Input of a Transformer

@

After placing a transformer, the user interface for the entry of the relevant data (Figure 3) appears.

The electrical data of a transformer is subdivided into three tabs. Information about the data source as well as
a description can be included in a fourth tab. The first contains more or less standard information like
manufacturer, short name, type, rated power, nominal frequency and rated voltages. Based on this
information, the file name of a transformer is being produced, when you have specified a new transformer.
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| W Transformer (Transformer, <0 (MVA)> (1)) O >
Position Layers | Data | Description ok
Select transformer: —
<User defined> ~ | Edit Cancel
Grid values

Frequency (Hz) 50 Voltage (kV)
High voltage ~

Low voltage MY ]

| Prev
Main specifications | eData Tap regulation Source/description:

Next
Unigue name

Transformer data Values

Manufacturer -

| Short name

? Type oil -
Rated Power Sr (MVA) 0.00
Nominal Frequency (Hz) 50 -
Rated Voltage high (k) 0.0
Rated Voltage low (kV) 0.0

Save in catalogue...
Figure 3 User interface of a Transformer — Tab “Main specifications”

At the top of the user interface, a direct access to the transformer catalogue is given in order to choose a
transformer. Under it, specifications of the nominal grid values have to be made. Due to the data input in the
External Grid element, this is easily done. It is also possible to select the same voltage level for both sides to
create an e.g. 20/20kV transformer in case of the utility demand to have a galvanic separation between the
wind farm and the grid of the utility.

In Main specifications the data giving the unique description of a transformer is given, like manufacturer, type
etc. The main figure to enter here is the rated power (Sr) in MVA. For a wind farm of 10 MW with a cos(phi) of
0,9, the minimum needs will be 10/0,9 = 11,1 MVA. The rated voltages are the ones the transformer is
designed for, but it can typically be used also for slightly different voltage levels.

The second tab includes data about the resistance of the transformer like short-circuit voltage and copper
losses. Here, several input alternatives are presented.
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‘ Transformer (Transformer, <0 (MVA)> (1)) a =

Fosition Layers | Data | Description |

Select transformer:
<User defined> - | Edit Cancel

Grid values

Frequency (Hz) 50 Voltage (kv)
High voltage High Voltage - 110.0
Low voltage Medium Voltage ~ 20.0

Main specifications | eData | Tap regulation Source/description: e |
Next
Generic values Used values :
® uk Short Circuit V. EZ (%) 10.0
EX (%):
#)|Pcu Copper Losses (kW) 114.0
ER (%)
Ratio X/R:
PO Iron losses (kW)
I0 Mo-Lead Current (%) 0.5
wt

Save in catalogue... |

Figure 4 User interface of a Transformer — Tab “eData”

The electric specifications of a transformer consist of the reactance (X) the resistance (R) and the iron losses.
The two first can be specified in different ways, as seen in the input form. Based on evaluation of the
parameters for a number of transformers, formulas for calculation generic values have been developed and the
software can calculate the values based on these automatically.

The third tab contains information about the transformer tap positions as well as the vector group.
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' Transformer (Transformer, <0 (MVA)> (1)) a X
Position Layers | Data | Description ok
Select transformer: —
<User defined= - | Edit Cancel
Grid values

Frequency (Hz) 50 Voltage (kV)
High voltage High Voltage - 110.0
Low voltage Medium Voltage - 20.0

Main specifications eData | Tap regulation | Source/description:

Prev

Mext
Tap regulation Generic values Used values
Auto:
Voltage per Tap (%) _E
Minimum voltage % -12.0
Maximum voltage % 12.0
Actual step voltage % o,

Vector group

HV-side D -

LV-side d -

Phase shift * 30 deg 0
w?

Save in catalogue...

Figure 5 User interface of a Transformer — Tab “Tap regulation”

Tap regulation

Tap regulation mean that a transformer can be set to different transformation levels. This is used in a grid to
adjust voltage drops in the grid. In a traditional consumer grid, the transformers nearest the high voltage
substation will typically be set to decrease the voltage level further to the nominal decrease, while the ones at
a long distance from substation will be set to increase relative to the nominal decrease to compensate for the
higher voltage drop of the high voltage line from the substation.

Transformers at higher voltage levels (sub stations) typically can auto adjust the transformation level based on
the actual load. In the first eGRID version, the user has to set the tap regulation manually. At a later stage it is
planned to let the software automatically calculate the tap setting for these types of transformers.

Vector group

The vector group describes the construction of the transformer, how the windings are established at the high
and low voltage side. These can be found in the transformer manufacturer catalogue and often the
transformers can be delivered based on user specifications.

Save in catalogue

Via this button, a direct access to the transformer catalogue is given. It is possible both to select a transformer,
which is stored in the catalogue or to store a transformer, defined using the several registers of this window,
directly in the catalogue. For this, simply click on the button “Save in catalogue®. An individual input can also
be done by selecting a transformer from the catalogue, choose the option “Replace catalogue values with user
values in calculation®, and then modifying the necessary data.
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9.1.3.1 The Transformer Catalogue

As default, the transformer catalogue browser appears like depicted.

| W Transformer Data Browser m] >
Edit View Search paths Window
Current Brows... 7 X Data View Quick View = X E
&
- Transformer Data Browser Drag a column header here to group by that column E:J‘! Qli:am EQI;;ZSD\DE:‘;:;TZEOHEDWE T EMDIn ;;

3
. XianElectric
ail
. 370
T Marminal Frequency (Hz)..... 50
Rated Voltage high (KV)...... 242 |

Manufacturer Type Rated Power Sr (MVA) | Nominal .

XianElectric oil 370
e - - Rated Voltage low (K}, 20
» HianElectric oil 370 uk Short Circuit V. EZ (3)... 14
XianElectric oil 370 ER (%) - 0.181081081081081

EX (%)
Ratic X/
Pcu Copp
PO Iron losses (kW)
10 Meo-Load Current (%
11 o P

Actual step voltage %.
Voltage per Tap (%]
Minimurm voltage
Maximum voltage %.

13.0988288668043
77.3069653838449

KianElectric

01/04/2004

No information about no-load curren|
SFP10-370 MYA220 kV
Ch\Users\Madalina\OneDrive - EMD Ir

Description.
Short name.
Filgunn

* |v| (Rated Voltage low (kv) =20)

B [+][=

Figure 6 Browser of the Transformer Catalogue

At the upper left side, search paths can be defined. Within these paths, windPRO is searching for relevant
transformer data. Based on bad experiences with closed catalogues, the transformer data is located using
individual files. Using the option “Filter on selected folder”, solely the datasets which are located directly in this
folder (without sub-folder data) is being depicted. At the lower left side, a search filter can be defined. A quick
view of the selected transformer is presented at the right side. A transformer is chosen, by performing a double
click at an entry. Using the right mouse button, you get access to the editor menu of the catalogue for editing
and e.g. modifying the transformer data. As in the Windows-Explorer, the main information of the chosen
transformer can be copied to the clipboard.

' Filter builder - [untitledflt] X
Manufacturer Type
T “-|...| Rated Voltage low (kV) Equals 20
KianElectric oil press the button to add a new condition
b | XianElectric il
KianElectric il
Open... Save As... oK Cancel Apply
% [v| (Rated Voltage low (kV) = 20) - Customize...
+ || — ok Cancel
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Figure 7 Search filter definition within the Transformer Catalogue. Click at the parameter to get it into
the filter expression and then add the expression.

Up to now, more than 1000 transformers were implemented in the catalogue. In order to find a specific
transformer in the catalogue, free-defined search filters can be specified by using e.g. the type, material, name,
short name, manufacturer, voltage levels, apparent power, etc.

The upper entry is being used for the name of the search filter. If selected, windPRO will create this name
automatically (Auto create filter names have to be activated). User defined names is optional. The search
parameters for the definition of several search criteria are located in the left field. They are selected by a
double click, e.g. on manufacturer. Now, you have to enter the condition of this parameter (e.g. = 'Pauwels’).
After this, any other conditions e.g. a rated voltage at the low voltage side of 690V (RatedVoltageLowkV =
0,69) can be defined.

9.14 Input of a WTG, especially the WTG eGRID data

A
=K

(Please read , part 2.5.2 for input of WTGs in general). It must be pointed out that eGRID
makes no difference between new and existing WTGs.

For simple grid configurations or rough survey calculations, e.g. if only one type of WTG is being used in a
wind farm or all turbines feed-in with the same power factor, it is possible to make all inputs, which are required
for the calculation directly within the calculation definition, neglecting internal WTG transformers or using
automatically generated generic transformers (please have a look at chapter Calculation and Input of
Calculation Properties). Thus, the generation of the following described eGRID data category isn’t necessary
under these circumstances.

The wind turbine catalogue has been expanded by an information category eGRID within the detail data. The
required electrical data can be taken out of measurement reports dealing with the electric measurement of the
individual WTG. In practice there are three different measurement protocols: A protocol which is based on IEC
61400-21, a protocol which is based on MEASNET guidelines and a measurement protocol published by the
German “Foérdergesellschaft Windenergie e.V.” called FGW. In meantime, the last protocol was updated to the
IEC protocol, so that it can be handled like this. In contrast to the IEC protocol, the MEASNET protocol
contains additional data about harmonics and interharmonics. Due to the fact that eGRID doesn'’t calculate any
harmonics the actual protocols are handled identically. There is only a separation from the old FGW protocol.

The category eGRID implements five tabs. The first tab contains data of the generator type as well as the
power peak factors of the wind turbine. In this connection, it has to mentioned that no differences between the
real power factor A and the power factor cose are being made for new WTG types. This factor is called cos¢
(CosPhi) within the eGRID module in general.

Also the short-circuit contribution which is being set to the generic values at this tab. If you have detailed
information about the short-circuit parameters of the WTG, you are free to enter your own data. Additionally,
you have to select if the used measurement protocol bases on the old FGW or on the new FGW, IEC or
MEASNET guideline. Please note that data input at tabs “Flicker” and “Switching” will be different based on
this selection.
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W Edit <Grid data X

CosPhi Cable/Transformer Flicker Switching

Name Date
29/08/2023 -

Source

Rated voltage ol v
+ 10.0 - 10.0| %

Grid connection interface |Power electronic conver -

Rated cos phi (for generator only) *) 0.00
® Inductive Power peak factors
Capacitive Guideline
*) Use table on tabsheet CosPhi for more detailed description FGW MEASHNET, IEC 61400-21, New FGW
~| Use default impedance parameters

p_max.power curve 0.00

p_10min p_mc 0.00

p_1min p_&0 0.00

All measurements according to p_momentan p0.2 0.00

MEASNET, IEC 61400-21, New FGW -

Figure 8 User interface of the WTG category eGRID — Tab “Main”

The second tab deals with the detailed information about the power factor in case the part-load operation as
well as the operation of a WTG as a load shall be examined. For this purpose, users have to uncheck the
checkbox and select the way they want to enter the power data (active power, power factor, reactive power,
apparent power).

W Edit eGrid data (Read only) X |

Cable/Transformer Flicker Switching

0.4
0.2
Lorr o,

QPr
o

v| Active power production P/Pr

v| Cos phi -0.4

02 04 06 08 1 12 14
FiPr

v Add line
P/Pr Cos phi Inductive or Q/Pr S/Pr
capacitive

Load 0 0 Inductive - 0 0
Operation 0.25 0.99 Inductive - 0.035623 0.252525 -

Delete line
0.5 1 Inductive - i 0.5 -

0.75 0.99 Inductive ~ 0.106869 0.757576 Copy table

1 0.97 Inductive ~ 0.250624 1.030928
11 0.94 Inductive - 0.399247 1.170213 Paste table
| Ok | | Cancel |

Figure 9 User interface of the WTG category eGRID — Tab “CosPhi”

The first row implements the WTG operation as a load. All other rows describe the trend of the CosPhi
depending on the power. Necessary interim values, used for the calculation, are computed by linear
interpolation.
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Information about WTG internal objects; generator, cables and transformers can be entered by selection of the
appropriate objects from the data libraries at the third register sheet. These data are only needed for
calculation of internal voltages, losses etc. inside the WTG. This is normally not a requirement for
documentation of the grid connection of a WTG, but it is an option for e.g. manufactures to help design the
internal electric system of the WTG. Note that the electric power curve for a WTG normally gives the power
output at the low voltage level at the WTG. Sometimes, the measurement protocols are based on the high
voltage side of the transformer, e.g. 20kV. So, the power curve should include the losses in the buildin
transformer, however this it might not always be so.

| @@ Edit eGrid data X |

Main CosPhi | Cable/Transformer | Flicker Switching

[ Transformer integrated in WTG

0.0 0.0 1

Cable length from WTG generator to transformer
0.0 + 0.0/ * hub height {m) Count:| 1

Cable catalogue - View

Cancel

Figure 10 User interface of the WTG category eGRID — Tab “Cable/Transformer”

The fourth tab implements the flicker data. Please note that the user interface as well as the input data are
different concerning the chosen measurement protocol (refer to the description of the Main tab). Using the old
FGW measurement protocol, three kinds of flicker data specification can be handled:

e declaration of a flicker factor and a flicker angle
o flicker factor independent from the grid angle
o flicker table

Entering data based on the new FGW, MEASNET or the IEC guideline, a data table dealing with the flicker
factors at different mean wind speeds and several grid impedances must be filled in.
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W Edit eGrid data x|

Main CosPhi Cable/Transformer | Flicker | Switching
o flicker data .?}f.?.!l.?.b.!.?:
Annual mean wind speed 30° 50¢ 70° 85°
6.0 m/s 0.00 0.00 0.00 0.00
7.5m/s 0.00 0.00 0.00 0.00

8.5 mfs 0.00 0.00 0.00 0.00
10.0 m/s 0.00 0.00 0.00 0.00

Figure 11 User interfaces of the WTG category eGRID — Tab “Flicker”

The data used for the calculation of voltage variations due to switching effects must be entered in the fifth tab.
Again, the input data are different concerning the chosen measurement protocol.

W cdit eGrid data X

Main CosPhi Cable/Transformer Flicker | Switching
iNo switching data availablel

0

Network impedance phase angle, psi

<Mo data to display>

Cancel

Figure 12 User interfaces of the WTG category eGRID — Tab “Switching”

If no input is being defining under “Flicker” or “Switching” calculation, than it is not necessary to choose an
annual mean wind speed for the flicker calculation nor selecting a switching reason for the individual. Every
single item is considered in the calculation automatically. As usual, generic values can be defined in the
calculation setup for WTGs which don’t have the corresponding data in their data sets.

9.1.5 Input of a Load
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@

The electrical data of a load is subdivided into two tabs. The first contains the nominal data of the load. For
this, several input possibilities are provided. Additionally, it is possible to consider this load in part within the
calculations as free-definable percentage values of active and reactive power values by choosing ‘Part load
enabled’.

Electric load (Load P=0.00 (MW) Q=0.00 (MVAr) (1)) x

Position Layers | Data | Voltage dependent Description ok
Power representation Cancel
Uncheck one to check another
—
| Active power P (MW) 0.00
| Reactive power Q (MVAr) *) 0.00
Apparent power 5 (MVA)
cos(phi)
Inductive - Frev
MNext

| Part load enabled
Check here to disable the possibility to scale

Figure 13 User Interface of a Load — Tab “Data”

You only have to enter parameters within the Data tab, if you want to define the load as voltage dependent - a
load is defined as voltage independent as default. By doing so, the rated voltage and six parameters have to
be entered in order to describe the load characteristic based on the equations:

2
U U
P =Py | Kpp +Kyp '(U_]"‘sz (U_j
R R

2
U U
00 u o ] 7
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Electric load (Load P=0.00 (MW) Q=0.00 (MVAr) (1)) >

Fosition Layers Data | Voltage dependent | Description ok

Cancel

Active power varies with voltage V/Vn
1.00
0.00
0.00

Reactive power varies with voltage V/Vn
1.00 Prev

0.00 Next

0.00

I
|
Show load curves I
fl
I

Figure 14 User Interface of a Load — Tab “Voltage dependent”

The defined load characteristic is pictured by selecting ‘Show load curves’. You are free to zoom in or out
within the range of 0.8 to 1.2 of the rated voltage as well as to modify the chart to your individual demands by
changing the parameter values of the load characteristic or by double-clicking the chart.

W Load Curve [m] *

16
1L

" |

3

POi(p.u)

Figure 15 Presentation of voltage dependent Load Characteristic

9.1.6 Input of a Bus bar
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After placing a bus bar, a separate window dealing with the position of this object appears. A bus bar does not
contain any electric data. It is just a way to merge more electric cable/lines into one or make a star connection.

It should be mentioned that a bus bar is automatically generated when connecting one cable/line type with
another.

9.1.7 Input of an Electric Grid
&l

The Electric grid object is a complex tool for designing the grid connection. The object works slightly similar to
the line object in windPRO (for height contour lines). This mean that the object is just a “fixpoint”, that can be
placed anywhere on the map.

. When data (cables/lines) shall be entered or edited, the object must be in edit mode, shown by a red
:”T| dashed line around the object. To enter/ exit edit mode on the object the user has the option to
select it from the right-click menu or by using: CTRL+E on the keyboard.

L1

When in edit mode, the data belonging to this object is the only one that can be accessed and modified.

A cable can be drawn between two or more WTG, transformer and/or the External grid.
In order to simplify the description, only the term cable is being used further.

After placing the object, the object properties appear. Here, you can select whether the connection of a WTG
to a cable shall be checked or not on the basis of the rated voltage of the turbine. For this check, the WTG
shall contain eGRID data. Nevertheless, turbines without electrical data can generally be contacted. Using
slow computers or extensive grid structures, the check should be deactivated depending on the performance
of the computer. Editing the properties of the Electric Grid object is possible at any time.

After the placement, the Electric Grid object is in edit-mode, i.e. cables and overhead lines can be created for
this object or previously created connections, belonging to this object, can be modified. Both happen
predominantly by means of the context menu after right-clicking. Another possibility to create or handle
connections is the connecting table, which will be described at the end of this chapter.
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The right-click menu

Properties

~  Edit mode Ctrl+E
Create new cable line

Show eGrid table definition

Show snap-symbol when a cable is connected to an object
Show voltage depended line colors (slower)

Prevent circular connections (slower)

L4 8K

Snap to objects (always enabled when holding down the <Ctrl> key)

Locked
Export 4

Figure 16: Electric grid right-click menu.

There are many options in the right-click menu. Note that the menu depends on the situation, from which the
menu is activated. Here shown from “scratch”, where no cables are yet established.

To add a cable place the cursor where a new line should be created, then right-click and chose menu “Create
new cable line”. As a result, the user interface for the input of the cable parameters is being opened (see later).
If the cable was generated at an object, this object is registered automatically as starting point of the
connection.

After the parameterization of the cable is finished (explained later), simply mark the cable route by clicking on
the map. If the option “Snap to objects” is activated in the menu or by pressing <Ctrl>, the unconnected end of
the cable jumps to the nearest object, which can be connected based on the voltage level and the grid
topology — the input of meshes is prevented. The connection to an object does not finish the digitizing process
in order to accelerate the wiring of several objects with the same type of cable. A semi-circle around the
connected object visualizes the connection of this object to the cable. In order to finalize the wiring process,
the item instruction “End” has to be chosen from the right-click menu.

Insert ohject 4
End

Cancel

Edit current cable properties

Show snap-symbol when a cable is connected to an object

Snap to ohjects (always enabled when holding down the <Ctrl» key)

Show voltage depended line colors (slower)

L 4

Prevent circular connections (slower)

Locked
Export }

Figure 17: Righ-ckick menu while drawing a cable.

Right-click when digitizing to get this menu. “Insert object” will give you the option to e.g. establish a
transformer or WTG at the end of the cable — and afterwards continue with a new cable.

Selecting an existing connection by clicking on the cable, the cable itself is being set into edit mode.
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e |
&\@ :f,-ﬂ_ Properties
P

.
piill 7 Edit mode Ctrl+E
T /
!f? Properties Create new cable line
wEdit mode ChileE Show eGrid table definition
»

Create new cable line Insert object

Show eGrid table definition Bemaove point

Insert point Continue cable line

Continue cable line Edit cable line properties

Edit cable line properties Remove cable line

Remove cable line Extend selection to the whole cable line

Extend selection to the whole cable line . .
- + Show snap-symbal when a cable is connected to an object
v Show snap-symbal when a cable is connected to an object .

. + Show voltage depended line colors (slower)
+ Show voltage depended line colors (slower]
. . «" Prevent circular cennections (slower)
+ Prevent circular connections (slower)

v Snap to objects (always enabled when holding down the < Ctrl> key) + 5nap to objects (always enabled when holding down the <Ctrl> key)

Locked Locked

Export 4 Export 4 4
|

Figure 18: Right- click menu of an already established cable with straight route (left) bending route
(right).

The right-click menu of an established cable gives the option to: Insert a point if case the route is not allowing a
straight line. Other options such as editing the cable properties or extending the cable line are also available.
By right clicking a cable with a bending route gives the option to “Remove point”’. Choosing “Edit cable line
properties” give access to the cable input form explained thereafter. The cable line properties can also be
opened by double clicking a selected cable.

All points of the cable are represented and can be dragged with the mouse for more accurate positioning of the
cable.

An important difference to the line object with height contour lines to be aware of: Activating a line for changing
properties does only work on the line between two nearest points (WTGs), not the full line. If you want to
change the properties for the “full line” select “Extend to whole cable line”, also available in the right-click
menu.
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External grid

Cable with manually entered fixed length

Transformer

Disconnected cable (blinking)

Cable with  automatically
calculated length in edit mode

Busbar

Wind Turbine

Figure 19 Different cable modes and objects.

9.1.7.1 Cable parameters

The cable parameters are separated between laying and electrical data. The laying parameters like the
terminator points of the cable, length, current limiting factors and the number of parallel laid cable systems
(number of parallel cores per phase) appear on the left side of the window.

Based on the electric data of typically used cables (systems of three single core cables in trefoil formation; type
N2XS(F)2Y or NA2XS(F)2Y), you have access to “cable size calculator”, which is located on the left side of the
window. It is explained in a separate section following this.

The right side contains data about the cable itself like e.g. name, structure and electrical data. Please note that
the item “number of cores” deals with the cable design itself whereas the electrical data is given by the three-
phase system. This can be one three-core cable as well as a system of three single-core cables in trefoil or flat
formation. The laying mode of a system of three single-core cables (trefoil or flat) is being described at the tab
“Source/description”.
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L

Erom: Select cable:

<43> Transformer, <7 (MVA)> (1), (HIGH - <Userdefined> v | Edit
To:

<42> External grid (1) -
Use Generic data

Main | Length Current limitation factors Main specifications | eData Source/description:
| Calculate length based on "Length" tab info
Unigue name
Cable/Line data Values
Short name
Mumber of parallel cores per phase: |1 - Manufacturer -
Aimed capacity (MVA) | Auto Cable/Overhead Line Overhead line -
Max. voltage drop (%a/km) Insulation material XLFE, EFR -
® Max. voltage drop (%) 2.00 Material oo A -
Short circuit duration (s) 1 - Cross Section/Core (mm2) 70.0
Cross section needed (mm2) due to Nominal voltage (kV) 120.0
-aimed capacity 3 - Use Frequency f (Hz) 50 -
-max. voltage drop |0 - || Use Number of cores 3 separate 1-con -
Use

Save cable in Catalogue

Max value is automatically used when
"Use generic data" Info

ok Cancel

Figure 20 User interface of a Cable — left side the laying data, right side the cable properties. Note:
when checking “use Generic data”, cable — line data will be calculated automatic and updated
automatic when a calculation is started so just the needed size is used.

As in the transformer menu, direct access to the cable catalogue is also provided. Again, it's possible to select
a cable available in the database or to store a cable entered within this window directly into the catalogue.
Also, an individual input can be made by selecting a similar cable from the database and choose the option
“Replace catalogue values with user values in calculation” and then modify the necessary data.

Like for the transformers, based on an evaluation of the parameters for a number of cables and overhead
lines, equations for calculation generic values have been developed and the software can calculate the values
based on these automatically. Nevertheless, deactivating “Use generic data”, you can enter your own values.

The length can be calculated automatically based on the digitised cable on the map, which is recommended.
But if a connection to a substation far from site is required, which is outside the map, the length can simply be
entered, and the end of the cable can just be put on an arbitrary spot at the map.

The length calculation gives different options for extensions of cables and lines. The elevation of the
individually digitizing points is included in the length calculation if a digital height model (DHM) is established in
a line object. But the contours between two digitizing points are not considered, so an exact calculation
requires a high resolution for the DHM is established. Furthermore, a percentage offset can be entered at the
tab “Length” (based on the fact that it is not possible to lay a cable as a straight line like drawing it on the map)
as well as an absolute offset can be specified e.g. in order to take care of connecting the cable in a transformer
cabinet.

In general, the different connection possibilities (cable and overhead lines) are handled identically. In the

automatically length calculation, the ‘End extension’ and ‘Hanging lines’ are taken into consideration by using
the default values, however these values can be user defined. Besides this, several limiting factors for cables
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can be specified, due to the surroundings (such as: condition of ground, isolation material in cable, etc.), while
the overhead lines can only be limited by a power factor in the eGRID module.

W Cable/Line definition

o X
From: Select cable:
<43> Transformer, <7 (MVA)> (1), (HIGH, - |  |<Userdefined> v || Edit
To:

<42> External grid (1) - e G - dat
se Generic data

Main | Length | Current limitation factors Main specifications | eData Source/description:

Current length on map (m): Unique name
— il Cable/Line data Values

Length  End ext. Short name
ext. (%) (m) Manufacturer -
Overhead Line 2.00 20 Cable/Overhead Line Overhead line -~
Insulation material XLPE, EPR -
Material oo A -
Cross Section/Core (mm2) 70.0
Mominal voltage (kV) 120.0
Frequency f (Hz) 50 -
Number of cores 3 separate 1-con ~

i Save cable in Catalogue

Save as default Load EMD defaults

ok Cancel

Figure 21 User interface of a Cable — left Tab “length”, right tab “eData”

At the tab “Current limitation factors”, several factors are combined. These factors should be considered in
order to prevent cable overload which can lead to an accelerated aging of the cable or — in extreme case —
heating-up resulting in melting the isolation material. The reduction factors are based on;

Ambient temperature in 0,7 m depth, see choices below:
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W Cable/line definition

From:

<2> NORDEX M&0 1300-250 60.0 !Q! hub: -
To:

<43> Transformer, <7 (MVA)> (1), (LOW ~

Main Length | Current limitation factors

Ambient temperature in 0.7 m depth (2C)

|2III - maximum value for moderate ¢ ~
5 '
10 - minimum value for moderate climate

15 - minimum value for subtropical climate
25 - minimal value for tropical climate

30 - maximum value for subtropical climate

35
40 - maximum value for tropical climate |~

Figure 22 Selection of ambient temperatures in 0.7m depth.

Number of parallel 3-phase systems

Based on the data of several manufacturers, a fixed distance of 7 cm distance has been chosen concerning
laying the cable directly in ground; if the distance differs from 7 cm, the user may try to be a little creative
finding a suitable value, and at the final dimensioning consult the handbooks from the cable manufacturer.
Note: the number of parallel 3 phase systems might differ from the number specified at main tab sheet, while
there might be other cables, not included in this calculation, or there might be more parallel 3-phase systems
but buried in separate channels or at a distance so large, that the influence shall not be taken into
consideration.

In case the cable is being laid in a duct, the limitation factor also depends on the system size.

The k-factor based on more parallel systems laid together is influenced by the laying — if it is in the ground or in
a duct, and if the cables are of similar size.

Soil thermal resistance — here some different defaults are available. Input is divided into moist area, the
“remote surroundings” and the dry area, the near cable surroundings, that is dry due to the cable heating up
this part of the soil. The latter often differs from the original surroundings due to the fact that the cable is laid in
a bed of sand or other material that gives the cable better conditions.
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Boundary temperature

Temperature

Boundary heating

r ‘\ Ground temperature
\’ ) Distance

>

Moist

Figure 23 The cables heat up the near surroundings making this a dry area, which influences the
transportation of heat from the cable.

Load factor might be the most important one. It has to be mentioned that the maximum current values of a
cable is presented by the manufacturers based on a so-called utility load, a special load condition with a
medium power value of 0.7 times the maximum power value. It relates to a traditional consumer system, where
full load will only be in peaks of maybe a few minutes. A maximum power output has to be assumed for WTGs
based on the fact that WTGs are able to feed-in maximum power over a long time period. This maximum load
forces a current limitation factor of 0.81 which is automatically being used for all cables.
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W Cable/Line definition [} X
| From: Select cable:

<2> NORDEX N60 1300-250 60.0 10! hub: = <Userdefined= - | Edit

To:

<43> Transformer, <7 (MVA)> (1), (LOW ~
Use Generic data

Main Length | Current limitation factors Main specifications | eData | Source/description:

Ambient temperature in 0.7 m depth (°C) Generic values Used values

0 - maximum value for moderate i Resistance R' (Ohm/km) 0.428571
Mumber of 3-phased circuits 1 - Reactance X' (Ohm/km) 0.131003
distance = 7 cm Susceptance B' (pS/km) 60.078
Laying Max. Current I (A): 216.846
#) Directly in ground Calculation fields: -7 |
Inone duct [+| Similar sized cables
| Losses at 100% load (kw/km) |
Soil thermal resistivity - (Km/W) Losses at 50% load (kW/km)
Maist area: Capacity (MVA
1.0 - moist, regular rainfall - ) ;
Volt. drop at 100% load (V/km

Dry area:
2.5 - sand as bedding material for ¢ ~

. 1.0 - Maxi loz -
Load factor: aximum oz Save cable in Catalogue

Total current limitation factor

Cancel

Figure 24 User interface of a Cable — left Tab “current limit factors”, right tab “Source/description”

Note: The current limitation factor is only calculated for cables. You can enter a value at the main tab sheet for
overhead lines — consult the line manufacturer to get this value. Additionally, the calculation of the total current
limitation factor doesn’t relate to a special norm in detail. Several limitation factors given by different
manufacturers are taken to provide a good reference value. Unfortunately, every single manufacturer provides
only some and not all limitation factors. Furthermore, there is an interaction between several limitation factors,
which is not being considered by the software. Due to this, the presented total limitation factor might not be the
exact one, but it definitely offers a good reference value.

9.1.7.2 Cable size calculator

An important feature at the left side of the cable input form is the cable size calculator. The calculator
automates or gives assistance for dimensioning the size of a cable. Based on selected conductor material
(copper or aluminium), the aimed capacity, which can be calculated automatically or set by the user, the
maximum aimed voltage drop and the short-circuit current in case of a fault, the necessary cable size (cross
section in mm?) is being calculated by the program, The following cable properties are used:

System of three single-core cables in trefoil formation
Maximum cable temperature: 90°C

Medium voltage level (10-70kV)

Grounded at both ends

Ground temperature: 20°C

Buried directly in ground

Laying deep: 0,7m (1m)

Thermal resistivity of soil (moist area): 1,0Km/W
Thermal resistivity of soil (dry area): 2,5Km/W

Load Factor: 0,7 (utility load)

Total current limitation factor as defined in the corresponding tab sheet taking into account the
variations from the manufacturer data listed before

aauaaauaaad
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In general, the cross sections of cables which carry the energy of several WTGs are determined based on the
current values under normal operation condition. Based on the low current values of cables which are
connected to a single turbine or only a few WTGs, the dimensioning of these cables would be too small. Here,
the short-circuit operation must be taken into account. Additionally, the voltage drop will be a dominating item
for long cables. Using “generic values” (in the preliminary design phase), the tool will automatically update the
values before calculation, when the cable layout is changed. This makes the assistant very efficient. The user
does not need to care of the cable dimensions before the final layout is decided, and “real” cables might be
selected from the catalogue or entered for the final calculation.

When not using generic data, but “user defined”, the user can decide which of the calculated values (based on
capacity or voltage drop) shall be used, or a value can be entered manually. Choosing from cable catalogue,
the cross section of the corresponding data set is being used. Nevertheless, the assistant still nominates a size
which should be taken from the catalogue. So, this information can be used to check your choice.

In general, using the cable size calculator the whole cabling can be performed only selecting e.g. the
properties “type=cable” and “material=aluminium” after placing the WTGs in order to provide basic values for
the capacity calculation of the cables.

Please note that the assistant considers only the normal load-flow operation and not a short circuit situation if
the short-circuit power of the External Grid is set to infinite, i.e. only the normal feed-in of all WTGs to the
External Grid object is being used for the cross-section calculation. This leads to very small cross-sections for
cables which are connected to stand-alone WTGs. Additionally, the assistant presents just calculated cross
sections — not normed values. Also, the power value of the WTGs which is specified in the properties of the
External Grid is used to estimate the cross sections. In general, the 10-minute mean maximum power output of
the WTGs should be used based on standard guidelines. If a WTG data set contains electrical data, the
specified data are used (incl. the CosPhi-value). Otherwise, the factors which are specified in the External Grid
are taken.

Cable/line catalogue

The structure of the cable/line catalogue follows the one for the transformers, see section 9.1.3.

Cabling Table

‘_,/1" eGrid table

As an alternative (or supplement) way to design the grid, the cabling table can be used. The table is activated
by the corresponding button in the top menu bar. In case of several existing Electric Grid objects in one
project, you have to choose the object, which shall be shown.
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Electric grid (1) - Cable/Line definition - Table View o z 4
Length From object To object L. Factor | Cable description =K selected Object:
176 A <32> NORDEX N6 K <4> NORDEX NGO 1300~ 0.81 <20 kV>, <70 mm~2>, <Al>, Ler NORDEX N60 1300-250 60.(
175 * <4> NORDEX Na0 * <3> NORDEX N&60 1300-: 0.81 <20 kV=, <70 mm~2=, <Al=, Ler
175 ¢ <3> NORDEX N60 ¢ <2> NORDEX N60 1300- 0.81 <20 kv, <70 mm~2>, <Al>, Leri Edit Selected Object
181 @ <43= Transformel # <42> External grid (1) 0.81 <120 kV>, <70 mm~2>, <Al=, Le =+
301 3¢ <2> NORDEX N60 '@, <43> Transformer, <7 (I 0.81 <20 kV=, <70 mm~2=, <Al>, Ler Create New Object

Delete Selected Object

# selected Cable:

&

Edit Checked Cable(s)

+

Create New Cable
Figure 25 Electric grid — Table view

After checking one or several cables (Multi Edit function) and selecting “Edit Checked Cable(s)”, the already
described user-interface of a cable appears with the exception that using several cables the start and end
points are deactivated. Please take care about the fact that all — not only the modified — settings in this window
will be allocated to the selected cables after pressing “OK”.

In order to generate a new connection, after selection of “Create new cable”, the start and end point can be
indicated in the appearing parameterisation window.

Apart from the cabling options and the possibility to edit or delete objects, the cabling table contains another
important characteristic: Elements can be generated, which do not appear on the map. This characteristic has
been introduced for objects where no information is available, e.g. just having the information: “The wind park
can be connected via a 4.5 km cable to a grid with the following parameters ". A connection of such objects is
only possible by using the connecting table.
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9.2 Calculation and Input of Calculation Properties

9.2.0 Introduction to calculations

Eile Definitions Geo Data ergy Loads & Operation Environment & Visual Solar System integration Tools Settings & Help Favorites

/,
m eGrid catalogue \__,(;_'; eGrid table m WTG catalogue

5] HYERID Dl'l WINDBAMNK

Figure 26 Path to start an eGrid calculation.

After designing the grid and connecting to the relevant objects, go to the top Ribbon and select System
Integration. Here click on “eGrid” to start a calculation.

Limiting values and calculation guidelines valid for the calculation have to be defined mainly at the tab sheet
“Main”. Each calculation, selected within this tab sheet, leads to a further tab sheet at which the respective
settings relating to the calculation properties as well as limit values for this calculation can be seen and edited
as needed. A final decision about the grid, which shall be calculated (if more alternatives established), has to
be made in the tab sheet “Grid objects”. Here it is also possible to choose between alternative wind farms if
more alternatives, or to deselect one or more WTGs in the relevant calculation. In the tab sheet “Description” a
detailed description can be entered e.g. the background for the calculation.

9.2.1 Tab sheet 'Main’

' eGrid (Grid connection design, loss calculation, etc.) O *

Main | Grid objects Description

Hame |Simp|e grid connection

Norm, guideline:

used for limit definition User defined ~  Grid node at which the voltage is specified for
- calculation of losses, design check and voltage
used for calculation User defined " | variation (reference calculation)
Calculations to perform: External grid (1) -
Losses

Mominal voltage at this node

Design check 120.0 kV

Voltage variation Actual voltkage at this node
120.0) kv
Short circuit

Long term flicker

Voltage variations due to
switching effects

+| Use default calculation parameters

Used temperature characteristic for cables  The following value of Cos phi is used when no eGrid
20 Deg C (constant) - data is available for a WTG

Cos Phi: | 1.000
Force use of this cos phi value

| Ahways auto create a generic transformer when not sufficient eGrid data on WTG

ok Cancel |

Figure 27 Calculation menu “Main” — Selection of the calculations to be performed.
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In addition to the possibility to name the calculation, the tab sheet “Main” is primarily used to decide which
calculations shall be performed. Predefined settings for limits as well as for calculations to perform can be
chosen. These are mainly related to German requirements in the first version. At the moment, either the
German VDEW or the norm IEC 61000 can be selected in order to specify limit values. Naturally, it is also
possible to define own values. Concerning the calculation properties, in addition to the possibility of a self-
defined calculation, a calculation based on the German norm VDE 0102 respectively the IEC 60909, both in
1990 or 2001 variant, can be selected for a calculation, based on a short-circuit calculation.

Regarding the VDEW guideline, the Design Check calculation corresponds to a dimensioning calculation. All
settings, necessary for this calculation as well as for the calculation of the voltage variations are made
automatically. The choice of a pre-defined calculation leads - with exception of the loss calculation - generally
to the selection of all calculations.

Each calculation, selected in this tab sheet, leads to a further tab sheet, in which the respective settings can be
viewed concerning the calculation properties and the limit values for this calculation and changed, if necessary.

The calculation accuracy as well as the maximum number of iteration steps can also be adapted.

The right side of this tab sheet contains additional information, necessary for the calculation. One voltage value
at one grid node has to be defined for the loss, design check or voltage variation calculation. This voltage at
the grid node is the basis for the calculation (for a voltage variation calculation, which is based on two load-flow
calculations, it is the basis for the first calculation). Typically, this is the node at the next bigger transformer
station or the Common Coupling Point. In the practical use, it is mainly the node of the External Grid.

Additionally, the grid node at which no voltage variation should occur had to be selected for the voltage
variations calculation. At this node the voltage is fixed and typically, this is the Far Generator.

In order to enable the possibility to perform basic load-flow calculations without a lot of entries, it's also
possible to define an overall CosPhi value used for all WTGs. For this type of calculation, it is not necessary to
define several eGRID data entries within the WTGs prior to the calculation. It is also possible to use the
defined CosPhi value for all WTGs (including WTGs with an eGRID data set), selecting “Force use of this
CosPhi value.

Additionally, selecting “Always auto create a generic transformer when no eGRID data on WTG”, automatically
generated transformers are used for WTGs which are connected to e.g. the medium voltage grid level without
transformers, on the basis of generic transformer data.

Furthermore, a temperature dependency of the cable resistance can be chosen. In general, the electrical data
of a cable are used like specified in the cable catalogue. These are the cable properties at a temperature of
20°C. Due to the fact that any current flow results in losses, the cable becomes warmer which leads to an
increased cable resistance. Here, a corresponding consideration can be chosen, respectively the grid can be
inspected using the maximum cable parameters at 90°C:

O 20 Deg C (constant)

3 Linear current dependency

O Quadratic current dependency
O 90 Deg C (constant)

Since the losses, which cause the heating, increase with the square of the current value, the quadratic current
dependency” should be the most realistic selection.

In order to calculate the actual cable resistance, which is being done individually for every single cable in the
grid, a cable temperature of 20°C is assessed in case of no current flow and a temperature of 90°C is
determined for the maximum current carrying capacity which is being calculated taking into account the given
maximum current value for each cable (e.g. manufacturer data) and the specified individual current limitation
factors. Based on these points, the cable temperature is being calculated for a linear or quadratic current
dependency and the corresponding resistance value is specified via the following equation:
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R, = R,,(1+0,004(T —20))

(T is the cable temperature in Deg Celsius).
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Figure 28 Current-Temperature dependency of the cable resistance.
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9.2.2 Tab sheet 'Grid objects’

" elGnd (Grid connection design, less calculation, etc,) O *

Main | Grid objects | Description
Layers Visible eGrid objects
v = Layer 1 14| |Electric grid (1)
Elevation data
v Existing Turbines
Roughness data
Climate data

P .

v| Use all objects on selected layers in calculation

Select external grid
External grid (1) -

Object selection Show details
~ # Bxternal grid (1) .
v &) Transformer, <7 (MVA)= (1)
v Tgh NORDEX N60 1300-250 60.0 10! hub: 45.0 m (TOT: 75.0 m) (1) Transformer
M< NORDEX N60 1300-250 60.0 10! hub: 45.0 m (TOT: 75.0 m) (1)
v igh NORDEX N60 1300-250 60.0 10! hub: 45.0 m (TOT: 75.0 m) (2) Transformer
3 HORDEX N60 1300-250 60.0 10! hub: 45.0 m (TOT: 75.0 m) (2)
v gy NORDEX N60 1300-250 60.0 10! hub: 45.0 m (TOT: 75.0 m) (3) Transformer
3K NORDEX N6D 1300-250 60.0 10! hub: 45.0 m (TOT: 75.0 m) (3)
v @y NORDEX N60 1300-250 60.0 10! hub: 45.0 m (TOT: 75.0 m) (9) Transformer

ok Cancel |

Figure 29 Calculation menu “Grid Objects” — Defining the final grid structure.

Within this tab sheet, the grid structure (based on one or several Electric Grid object(s)) and grid objects
(WTGs, etc.), which shall be considered in the calculation, must be selected. Mainly, this belongs to grids
which include several Electric Grid and / or External Grid objects. This is typically done by choosing the layers
on which the relevant grid objects are located. As default, all objects which belong to the visible layers at
calculation start are chosen. Likewise, it is possible to deactivate specific objects for a calculation.

Since the calculation algorithm implemented in the eGRID module cannot compute meshes, the arranged grid
is being examined relating this item. A recognized mesh is announced.
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923 Tab sheet '’Losses’

‘ eGrid (Grid connection design, loss calculation, etc) O X
Main Grid objects | Losses & Yield | Design check Voltage variation Description

Loads

® Calculate without loads
Calculate with loads on object
Define scaling of loads on objects

WTG vyield is calculated assuming same wind conditions at
each WTG - optionally there can be corrected for different
hub heights. For calculating the overall loss percentage,
this method is assumed sufficiently accurate.

# Input wind distribution
Input calculated yield

Use A parameter

® LUse mean wind speed

Mean wind speed 7.00/ m/s
k parameter 2.000
Meter node
Select a node where all losses below are summed and shown
in the losses report
Advanced
ok Cancel

Figure 30 Calculation menu “Losses” — Defining a wind distribution, and where the meter point is.

Within the tab sheet “Losses”, the calculation conditions for the calculation of the annual losses within the
cables and transformers have to be defined. The calculation determines the annual losses based on the wind
frequency distribution. For this purpose, the rated power output of the WTGs is divided into 12 classes. For
these classes, the frequency (hours per year) is calculated for each power class. Either the Weibull distribution
with an A-parameter and/or a mean wind speed and the k-factor in hub height or the annual yield of the whole
wind park can be selected as basis for the frequency distribution. When working with the Weibull distribution
and selecting “advanced" (settings), even different hub heights between the WTGs and the distribution can be
included. By using the calculation based on the annual yield, with the help of a standard k-factor, an A-
parameter is determined. These values are the basis for the frequency distribution. If you additionally select
the "advanced" settings, you get the possibility to change the k-parameter and to define the reference hub
height as well as the wind shear (Hellman exponent) (see chapter 3.2.2).
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. eGrid (Grid connecticn design, loss calculation, etc.)

Main Grid objects | Losses & Yield | Design check Voltage variation Description

WTG yield is calculated assuming same wind conditions at
each WTG - optionally there can be corrected for different
hub heights. For calculating the overall loss percentage,
this method is assumed sufficiently accurate.

Input wind distribution
® Input calculated yield

Wind farm yield 75,000) mwhyy

k parameter

The Wind farm yield is divided on all WTGs by

calculating "backwards" to a Weibull distribution
and then applying this to each WTG. - optionally
there can be corrected for different hub heights.

"] Advanced

Loads

n object
Define scaling of loads on objects

o

Meter node
Select a node where all losses below are summed and shown
in the losses report

Transformer, <7 (MVA)=> (1) <LOW> -

| Cancel |

.

Figure 31 Calculation menu “Losses” — Input of a calculated yield

Tab sheet 'Design check’

. eGrid (Grid connection design, loss calculation, etc.)

Main Grid objects Losses & Yield | Design check | Voltage variation Description

Allowable voltage difference

Contract
Voltage Voltage ed
level [kv] voltage
[kv]
High voltage 120.0 120.0 6.0 6.0
Medium volta 20.0 20.0 5.0 5.0

Max Max
below | above
[%] [%]

WTGs
Calculate without WTGs
® Calculate with WTGs
Power
® Rated power
Maximum power curve (Pr*1.05)
10 min mean maximum (Pr*1.13)
1 min mean maximum (Pr*1.18)
Peak maximum (Pr*1.30)
User

power % of rated 3=2..~3'

Factors multiplied on rated power will be taken from the WTG
catalogue when available, otherwise shown values are used.

Loads

® Calculate without loads
Calculate with loads on object
Define scaling of loads on objects

| Cancel |

Figure 32 Calculation menu “Design check”
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An individual load flow calculation can be defined within the tab sheet “Design check”. If in the tab sheet “Main”
a pre-defined calculation method is being selected, modifications of the settings at the right side of the tab
sheet are not possible. Otherwise, the feed-in power of the WTGs can be defined up to the treatment as
consumers (the data for this operation must be indicated in the eGRID data of the turbines). Additionally,
there’s the possibility use default, if no eGRID data have been entered for those WTGs or the selected entry is
missing the option e.g. the 10-minute maximum power value of the WTG can be selected. Concerning the
loads a calculation without, with or with proportional presence of the consumers can be defined.

At the left side, permissible voltage variation values can be entered, which normally refer to the nominal
voltage entered in the external grid. If a deviating reference voltage is agreed with the utility, this value must be
specified in the column “Contracted voltage”. Then, the permissible proportional voltage deviations refer to
these voltages. If pre-defined limit values were selected in tab sheet “Main”, no changes are possible in this
table.

9.2.5 Tab sheet 'Voltage Variation’

' eGrid (Grid connection design, loss calculation, etc) O *
Main Grid objects Losses & Yield Design check | Voltage variation | Description

Allowable voltage differences Reference | Alternative

Max | Max WTGs

belo | abov Calculate without WTGs

‘—':" E' e Calculate with WTGs

[ea] | [%&] Power

High voltar  120.0 120.0 7.0 6.0 6.0 e Rated power

iMedium v 20.0 20.0 8.0 50 5.0 Maximum power curve (Pr¥1.05)
10 min mean maximum (Pr*1.13)
1 min mean maximum (Pr=1.18)
Peak maximum (Pr*1.30)
User

Contracte Max
d voltage | differenc
[kv] e [%]

Voltage | Voltag
level e [kv]

Edit factors

Factors multiplied on rated power will be taken from the WTG
catalogue when available, otherwise shown values are used.

Loads

o Calculate without loads
Calculate with loads on object
Define scaling of loads on objects

ok Cancel

Figure 33 Calculation menu “Voltage variation” — reference calculation

The tab sheet “Voltage variation” offers the possibility to compare the grid voltages of two different operating
conditions of the grid. Here, the voltage variation at each grid node is calculated, based on both operating
conditions, and examined on the basis of the allowable limits, which are defined in the table at the left side.
Otherwise, all settings are identical to the possibilities described in the tab sheet “Design check”.
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9.2.6

. eGrid (Grid connection design, loss calculation, etc) ®
Main Grid objects Losses & Yield Design check | Voltage variation | Description
Allowable voltage differences Reference | Alternative
Max | Max
Voltage | Voltag Contracte ) Max belo | abov
d voltage | differenc
level e [kv] [kv] e [%] w e Calculate with WTGs
[o] | [%] Power
High volta;  120.0 120.0 7.0 60 6.0 Rated power
Medium v 20.0 20.0 8.0 50 5.0 Maximum power curve (Pr¥1.05)
10 min mean maximum (Pr=1.13)
1 min mean maximum (Pr¥1.18)
Peak maximum (Pr*1.30)
User
A ver % of rated power |  Edit factors
Factors multiplied on rated po be taken from the WTG
catalogue when available, oth hown values are used
Loads
Calculate without loads
# Calculate with loads on object
Define scaling of loads on objects
m % of active power on objects
Ok | Cancel |

Figure 34 Calculation menu “Voltage variation” — alternative calculation

Tab sheet ’Short Circuit’

. eGrid (Grid connection design, loss calculation, etc)

Main Grid objects Losses & Yield Design check Voltage variation | Short circuit | Description

Subtransient longitudinal reactance, xdSS

Tk_start to I

WTG data
Only one The following data are used for the individual WTGs only when no
data is available from the WTG catalogue
With WTGs Without WTGs
Induction direct
| Calculate current distribution Grid connection interface
Use impedance correction for:
|| Transformers
|v| Use default impedance parameters

["] Synchronous generators

6.0

‘ Cancel ‘

Figure 35 Calculation menu “Short circuit”
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While the first three tab sheets “Losses”, “Design check” and “Voltage variation“ are based on load flow
calculations, the other tab sheets are based on short-circuit calculations.

If a user-defined calculation is adjusted in the main tab sheet, you can select if one (without or with WTGs) or
two (without and with WTGs) calculations shall be performed and further if the current distribution of the short-
circuit current should also be calculated. Additionally, the use of impedance correction factors for transformers
and/or synchronous generators can be activated. These factors, which are defined in the standard VDEW
0102 and/or IEC 60909 (versions of 2001), lead to a decrease of the impedances of these components and
thus to a higher short-circuit current.

Tab sheet 'Long term flicker’

' eGrid (Grid connecticn design, loss calculation, ete.) O x

Main Grid objects Losses & Yield Design check Voltage variation Short circuit| Long term flicker | Description

WTG data
Interaction factor The following data are used for the individual WTGs only
2.0000 when no data is available from the WTG catalogue

Maximum long term flicker emission, Plt_max
0.00

Flicker factor, ¢
Use impedance correction for: 0.0

|

Phase angle

v| Always use phase angle of the grid impedance

ok Cancel |

Figure 36 Calculation menu “Long term flicker” tab.

At the left side of the tab sheet “Long term flicker”, the interaction factor relating the flicker contribution of single
WTGs, which is normally given to '2', and the maximum permissible total flicker value (P or Ai) have to be
indicated. Additionally, equivalent to the tab sheet “Short circuit” you have to define if an impedance correction
according to the standards of 2001 shall be used for transformers. Since the flicker calculation is based on a
calculation of the short-circuit power without generators, this indication is only necessary for transformers — in
contrast to the tab sheet “Short circuit”.

At the right side, you can indicate default flicker data. These values are used, if no eGRID data have been
entered for a WTG or no flicker data are defined for a turbine.
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‘ eGrid (Grid connection design, loss calculation, etc)

Losses & Yield Design check Voltage variation Short circuit Long term flicker | Voltage variations due to switching effects | De !

Allowable voltage difference

Voltage Max
Voltage level [kv] difference
' [%6]
High voltage 120.0 0.0
Medium voltag 20.0 0.0

Use impedance correction for:
Transformers

| [¥] Check for long term flicker contribution of switching effects

Interaction factor
2.0000

Maximum long term flicker emission, Plt_max
0.00

ok Cancel

\ Calculation and Input of Calculation Properties 37

Tab sheet 'Voltage variations due to switching effects’

O x

L3

WG data
When data is available from WTG catalogue:

® Use interpolated ki,psi (FGW) resp. ku,psi
(MEASMET/IEC). Tables required.

Use maximum switching factor ki,max (FGW) resp.
max. value of all ku,psi (MEASNET/IEC)

The following data are used for the individual WTGs only
when no data is available from the WTG catalogue

ki,max (FGW) resp. ku (MEASNET/IEC)
0.0

WTG data

The following data are used for the individual WTGs only
when no data is available from the WTG catalogue
Flicker step factor, kf

0.0

Maximum number of switching operations
0

Figure 37 Calculation menu “Voltage variations due to switching effects”.

The tab sheet “Voltage variations due to switching effects” equals the tab sheet “Long term flicker”. Beside the
data for the maximum permissible voltage variation and whether an impedance correction for transformers
shall be used, at the right side, an indication whether the maximum or an interpolated switching factor (if
several switching factors were entered in tabular form) should be used for the calculation. Additionally, there’s
the possibility to define a default switching factor, if no eGRID data have been entered or no switching factor
has been defined fora WTG.
If the flicker contribution of the switching process should be calculated, the corresponding option has to be

checked. As in the definition of a flicker calculation, the interaction factor of the WTG individual flicker
contributions has to be defined at the lower left side as well as the maximum value. At the lower right side of

the window, flicker data can be defined which is being used for WTGs without any corresponding electrical

data.
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9.3 The Results — Printouts/reports
Calculations (13) m] n x
Name Created Calculated Duration -
> ¥M PARK: Downscale model_ inland meteo object 07/01/2015 15:04:35 02/06/2021 16:58:49 0:11 (min)
» ¥ RESOURCE: Wind resource map 10/12/2014 14:13:48 02/06/2021 17:12:18 13:04 (min)
b ﬂ eGrid: Losses 11/04/2022 10:44:28 11/04/2022 10:51:03 0:01 (min)

Assumptions

Main result for losses

Detail result for losses

Design check

Voltage variation

Short circuit

Main result for long term flicker

Details for long term flicker

Main result for voltage variations due to switching effects

Details for voltage variations due to switching effects
b Full page map

Energy (7) | Environment (4) Visual (2) +

Calculations (13), Objects (0 / 8/ 36) = Electric grid (1) - Cable/Line definition - Table View =

Figure 38 After calculation the results appears on the window of the calculation manager.

In the tree structure, usual for Windows, the individual reports and results can be pre-viewed and/or printed.
Each kind of calculation produces its own report in which the respective conditions for calculation and results
are contained. Within the results, first the main results and afterwards additional results are designated.
Further it is informed whether the entered limit values are fulfilled or exceeded.

eGrid - Main result for losses
Calculation: Losses

Assumptions 3

Mean wind speed: 7.0 m/s Y \\_
k parameter: 2.00 ) k
Used temperature characteristic for cables: 20 Deg C (constant)

Annual losses

Annual results [ S~
Energy Distribution of energy

[MWh/y] [%] )
WTG production 12,452 100.00 "\‘ P ]
Losses 279 2.24 Scale 1:25000
Net grid production 12,173 97.76 3 Existing WTG % Transformer(t) ¥ External grid

Component summary

Annual losses
MName Count Length  Excavation length
[m] [m] [MWh/y] [%]
High voltage: 120.00 kV

7.0MVA-120.0/20.0kV 1 129.64 1.04
Cable-A-70mm2-120.0kV 1 163 157 0.20 0.00
SubTotal 2 163 157 129.84 1.04
Medium voltage: 20.00 kV

1.6MVA-20.0/0.7kV 4 129.03 1.04
Cable-Al-70mm?2-20.0kV 4 827 803 20.38 0.16
SubTotal 8 827 803 149.41 1.20
Totals 10 990 960 279.25 2.24
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Figure 39 Example of calculated losses in the eGrid printout.

Losses: This report is divided into ‘Main results’ and ‘Detailed results’. The annual active and reactive power
losses in the transformers and cables are calculated on the basis of the entered wind distribution and wind
profile. The loss is also given as a percentage of the wind farm production. The Subtotal, which includes only
the grid loss up to the metering point, is in general the relevant part for the financial calculation, being the part
the wind farm project “pays for”.

The Step-up transformer will typically have a loss of round 1%, which is included by adding a generic
transformer, and adds up to the “Annual losses”. Note that the loss added by a generic transformer might be
wrong if the power curve used in energy calculation is based on the high voltage side of the step-up
transformer, which is rare, or the turbine has a high voltage generator, which is seen at some later turbine
models. In these cases, the calculated step-up transformer loss shall be ignored (subtracted).

Design Check: The calculated grid voltages are presented as the main result, followed by the utilization as
well as the active and reactive power losses of the transformers and cables.

Voltage variations: The main result of this calculation, which is based on two individual calculations
(reference and alternative calculation), is the proportional voltage variation at each node. Subsequently, the
result of each individual calculation is specified as with the calculation of the design check.

Short Circuit: In dependence of the selected calculation variant (calculation with and/or without WTGs;
calculation of short-circuit current distribution within the grid) the contents of this report vary. First the short-
circuit power, the grid angles and the short-circuit currents of all nodes, possibly for both calculations, are
shown. If demanded, additionally the current distribution for each object is being presented.

Long term flicker: As in the losses calculation, the report of this calculation is divided into a main and a
detailed report. In the main report of a flicker calculation, only the total long term flicker values at any grid node
are presented, followed by an assessment which is based on the defined limits. Also, the short-circuit values
which are very important for the calculation are shown. Within the detailed report, the contribution of each
WTG as well as the used flicker factor in order to calculate the contribution is indicated for each grid node.

Voltage variations due to switching effects: This calculation is divided into a main and a detailed report
also. In the main report of a switching effect calculation, the maximum voltage variation at any grid node is
presented as well as the WTG and switching reason which are responsible for it. In case there are identical
results for other turbines, only one is being presented. Additionally, the maximum long term flicker values are
shown, followed by an explanation of which switching process leads to the maximum value. If “Worst case” is
being presented, the maximum value is the result of different switching processes for different WTGs. Both
values are checked regarding their limit values, which results into a combined assessment. Again, the short-
circuit values which are also very important for the calculation are shown. Within the detailed report, the used
switching factor and the contribution of each WTG are presented equivalent for the presentation of the long
term flicker values for each grid node.
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eGrid - Full page map
Calculation: Losses

% Vohage levels
.. B v o 200k
= - Medium vokage: 20000 kv
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[1]
Map: KMS - Topografisk rasterkort ower Danmark | m&lestoksforholdet 1:25.000 , Print scale 1:5,000, Map center UTM ({north)}-ETRSES Zone: 32 East: 603,070 Morth: 6,225,005
> Bisting WTG © Transforment) 1 Baemnal grid

/

Figure 40 The actual calculated grid with all used objects is presented on the map.
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94

eGrid — Theory behind the calculations

Medium voltage distribution grids, to which most of the decentralized power supply structures are connected,
have nominal voltages of 20 or 30 kV in accordance to DIN IEC 38. To have a high reliability of power supply,
medium voltage grids are normally built up as ring grids, ring grids with cross connections or meshed grids.
Under normal conditions, often they are operated as radial networks. In the case of repair and/or disturbance,

individual parts of the grid can be switched off or switched over by existing grid interfaces.

UCTE-
Interconnected Grid Level
Intensely meshed Iﬁz:?:;spﬁ:fts
7 \ German Interconnected e.g.
ATANY Wchlne Grid Level consisting
Ji et of grids which belong to 380 kv
o] I e the TSO German utilities || or
Grid Nodes Intensely meshed 220 kv
building busbars
Power Station of s Transmission e.g.
the corresponding )/ Switching|\ Transformer Grid Level of the Utilities
Utility i Station | Stafipn for regional energy
7 A \ 3 transmission 110 kV
/ ]
%,; i Slightly meshed
L A\
/ \\
/ Trans”ormer \\ Dlstﬂbutlon - e.g.
Statloh Grid Level of an Utility
for regional and local 20 kV
energy distibution or
Mostly un-meshed 10 kv
Traformer Low Voltage Distribution || €.9.
Station Grid Level of an Utility 400 V
for local and industrial 1690 V
energy distribution or
—n——n— 230V
o un-meshed with one other|| / 400 v

Figure 41 Different voltage levels and grid structures of the electrical grid in Germany

Usually, also a wind park has a radial grid, because one or more wind turbine generators are connected to one
grid node. Due to this, the calculation algorithm was adapted to this grid configuration (radial grid). Meshed

grids cannot be calculated.
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eGrid — Component Modelling

To simplify the electrical grid input, only components which are primarily important for the electrical grid
calculation are implemented. Ancillary equipment like protection devices are not implemented. The
components, relevant for the grid calculation, are:

o External Grid

e Transformers

e Electrical Grid (Cables / Overhead Lines)
e Busbars

e Loads/ Compensation Devices

e WTGs

9.4.1.1 External Grid

Differently to other grid calculation programs, in the load-flow calculation the External Grid is implemented as
an RX-serial connection — in the same manner as in the short-circuit calculation. Thus, this component also
contains power losses and a voltage drop. This has the advantage that the voltage at the grid connection point
(input voltage of the External Grid) is not constant every time. It can rise or fall in the case that there is no
regulation about the connection point of this component.

Fo
(5 R XX
S ®
)
><Q2 []{mr >< []m
<

XX XX

Figure 42 Circuit diagram of the ‘External Grid” component

Certainly, this approach can be confusing for utilities which have all-embracing grid models. But — normally — a
non-involved person gets only the characteristics (Sk™", Wk and the rated voltage Ur) of a possible connection
point. The voltage of this grid node must not be constant in practice, in opposite to e.g. a large transformer
station at which the voltage is regulated.

At the end of the total load-flow calculation, all angles are modified based on the angle of the output voltage of
the "External Grid” element — the Far Generator - which is set to 0.

9.41.2 Two-Winding-Transformers

A Two-winding-transformer is integrated by its equivalent T-circuit diagram. Therefore, the impedance of a
transformer must be split into two equal portions.
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Figure 43 Circuit diagram of a two-winding-transformer.

All calculations are performed at the high voltage level. So, there must be a voltage conversion from the lower-
to the higher voltage level of the transformer. Due to the fact that — depending on the polarity of the
transformer — this conversion has to be done at the input or output side of the transformer using the
transformation factor, the transformation is not pictured in the circuit diagram.

9.4.1.3 Electrical Grid

In the medium voltage level, the cross sections of the overhead lines and cables lie in a limited range, which is
determined by the mechanical and electrical characteristics of the lines. The maximally permissible cross
section of overhead lines is limited by the mechanical stability of the supporting masts of the overhead line and
may not exceed 120 mm?2 [1] [2]. The minimum cross section does not amount less than 16 mm?2 in
consideration of the permissible mechanical wire stresses [1]. However, in practice no cross sections for
overhead lines and cables under 35 mm? are used due to economic reasons.

For the simulation of the cables or overhead lines, the equivalent I-circuit diagram is used in the calculation

_T_Q Q _L ;
I T - T e

Figure 44 Circuit diagram of a cable or overhead line

While the voltages are calculated in the same manner as by the External Grid, by the calculation of the power
values the reactive power production of the capacities must be considered.

9.4.1.4 Loads/ Compensation Devices
The loads are regarded as passive grid elements with an active power demand.
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Figure 45 Different load classes

Normally, the power demand of the loads depends on the actual voltages. This dependency is not linear. The
accuracy of the mathematical description of this relationship, the so-called load-characteristics, mainly defines
the calculation accuracy of all parameters of the operating condition of the grid like the voltages of the nodes,
power losses and voltage drop. In practice, the consumer characteristics are numerous. So, assumptions are
inevitable. The literature [3] [4] [5] gives some theoretical recommendations, which are only conditionally
applicable in practice. The available programs solve this problem differently. Each program developer uses his
own “tricks” in order to reach a solution (convergence) of the mathematical grid model.

In educational books as well as in the available grid calculation programs, the power dependency (active and
reactive power) referenced to the actual voltages is integrated via a power function. The value of the exponent
varies among the different sources from 2 down to 0.

U n. ) im
P_PR(U_RJ > Q_QR (URJ

The dependency is pictured in the following figure for several exponents.
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Figure 46 Common load characteristic.
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This description of the dependency has the advantage that — if the grid calculation leads to no result (does not
converge) — the convergence of the calculation can be forced by changing the exponent towards 0.
Unfortunately, the user is not informed about this adjustment.

In our calculation algorithm, this dependency is integrated via the average load characteristics based on [6] [7]:

2 2

U U U U
P=F- K0P+K1P'£U_]+K2P'(U_J ; O=0, K0Q+K1Q'(U_J+K2Q'(U_]
R R R R

which correspond to the load conditions within the medium voltage level at best in our experience. Based on
the parameters Kop, K1p, K2p, Koq, K1q, K2q, it is possible to adapt the characteristics to the real load conditions
without much effort. A variation of these characteristics, which are represented in Figure 47 with realistic
values (Kop=0.83; Kip=-0.3; Kop=0.47; Koq=4.9; Kiq=-9.1; Kq=6.2), does not take place in the
calculation program. However, the user is informed in case the calculation did not converge.

1,60

1,40 4

1,20 4

1,00 4

P, Q(p.u.)

0,80

0,60 1

0.40

0,8 09 1,0 11 12
U(p.u)

Figure 47 Average load characteristic based on [6] [7].

9.4.1.5 Generators / Wind Turbine Generators

All generators — including wind turbine generators — which are available on the market can be divided into four

main classes:

e Synchronous generators

¢ Induction generators

e Double-fed induction generators

e Generators which are connected to the grid via a power electronic converter, so that the generator itself is
not important for the behavior of the total generator system anymore.

Each of them can be specified by similar parameters in static operation. Hereby, it is assessed that the feed-in
power does not depend on the actual voltage at the connection node of the generator.

It is obvious that the feed-in power of wind turbine generators depend on the wind speed. The dependency
between wind speed and the active power output was already implemented in windPRO for many marketable
wind turbines.
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Figure 48 Dependency between wind speed and active output power by a Nordex 43 wind turbine [8]

Regarding the reactive power, the relationship between the active power and the power factor, which is not
constant, had to be included in the dataset. Actually, the calculation of the reactive power is performed by
linear interpolation on the basis on few sampling points, which are taken out of measurement reports, made by
international acting measurement institutes.
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Figure 49 Implemented power factor characteristic of a Nordex 43 wind turbine [9]

Due to the way, that the calculation of the power factor via few sampling points contains a loss of accuracy,
this calculation must be replaced by another algorithm. But the fact that for a normal user there are many
unknown parameter settings in a wind turbine which have directly effects to the power factor, like the switching
points of compensation capacities, an exact characterization seems to be impossible.

942 eGrid — Calculation Methods

The purpose and the scale of grid calculations are determined by a concrete and individual task, which can be
very different in each case. For example, the existing connection capacity has to be evaluated in order to
decide about the connection of a further wind turbine generator to the grid, which is described via technical
criteria. In accordance with the guidelines for parallel operation of own generation plants with the grid of the
utility [10] [11], these criteria refer with:

Voltage variations also by flickers

Variations of the short-circuit current

Power factors

Harmonics
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These criteria can be affected by the normal operation of a wind turbine generator. Using modern wind
turbines, in which IGBT inverter technology is implemented, the last two items can be neglected. Thus, the first
two criteria represent the characteristics, which are to be considered as the main topics for the grid calculation.
The grid, at which the connection of wind turbine generators is to be examined, is regarded as an energy
distribution system with two areas: the infinite bus and the affected grid area, as presented in the following
picture.

WTG
ZWTG
- @'O_:'_ Affected grid area
Infinite bus ¢

sGrid . sLctacl >

= [ e e 14
Z1,2 ZZ,S ZLoad

u, U, u,
3 with WTG
without WTG

Figure 50 Typical example of a wind turbine connection to the grid

Due to the problem definition specified above, only two calculations are selected from the large scale of the
grid calculation tasks:

o the load-flow calculation and the short-circuit calculation. The voltages of the grid nodes could be
obtained by load-flow calculations. So, based on two calculations (calculation with/without wind
turbine generators), voltage variations can be determined.

e The short-circuit calculation specifies the available short-circuit power of a grid node, which can be
used for the estimation of flicker effects.

As already mentioned, the electrical calculation implements two independent calculations: the load-flow and
short-circuit calculation. Differently to other calculation programs, which have to handle large matrices in order
to calculate a meshed grid, due to the concentration on radial grids, the calculation algorithm of the eGRID
module bases on recursion, a very powerful calculation method. Doing so, several simplifications or
neglections, necessary to handle large matrices can be avoided.

9.4.2.1 Load-Flow Calculation / Calculation of Voltage Variations

The voltages of the grid nodes are worked out by the load-flow calculation. This happens by setting the
individual nominal voltage value for each grid node in a first calculation step. Based on the active and reactive
power of the generators and loads, which are known due to the voltage set before, now the power losses in the
components are calculated. The calculation is made through the entire grid toward the "External Grid”
component, by which it is presumed that it can absorb or provide any power rates. Based on the load-flow, a
specification of the voltages take place in a next step. Based on a fixed voltage of one grid node, given by the
user, the voltages of all grid nodes are calculated again.

Due to these new voltages and an eventually voltage dependency of the loads, a new calculation of the load-
flow can be necessary (next iteration step). After calculating the power values, new voltage values are
calculated again and so on.

This calculation (iteration) is broken off if the difference between two calculation steps achieves the given
calculation accuracy. In [12] it is shown that under the multiplicity of all possible abort criteria the active power
difference represents a reliable criterion.

max(abs(P, - P,))) < &
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The calculation accuracy can be given by the user. The default value is 1e-6 kW. However, a fundamental
characteristic of the iteration calculation is that the calculation leads to no result, i.e. that it does not converge.
Therefore, a maximum number of iteration steps is specified, which can also be set by the user. Here, the
default value is 50.

Due to the nature of a load-flow calculation, all voltages in the grid are calculated based on one grid node (the
voltage is regulated at this node), i.e. there has to be a specified voltage value at a specified node. So, the
parameters for a single load-flow calculation are:

e the grid node for which the voltage is given,

e the voltage of that node

Also it is possible, that there is no voltage regulation within the examined grid, this means the regulation is
implemented within the Far Generator. In this case, the internal voltage of the "External Grid" is kept on the
specified voltage (see also chapter 9.4.1).

The calculation of the voltage variations includes two load-flow calculations, the calculation of the grid e.qg.

e without generators and

e with generators.

Thereby, a grid node can be assigned, at which no voltage variation takes place, i.e. the voltage is constant.
So, for the calculation of voltage variations, there must be another parameter:

e the grid node for which the voltage is constant.
Naturally, this can be the same node with the given voltage value.

9.4.2.2 Short-Circuit Calculation

In all practical cases it is possible to determine the short circuit current at fault location via the method of the
equivalent voltage source at the short-circuit location. During the short-circuit calculation, this source is the
only existing voltage source within the grid [13], [14].

In principle, the calculation of the currents during a short circuit is a calculation of transient processes which
requires the solution of differential equations. However, in practice frequently only a quasi-stationary
calculation of the sub-transient current /"~ and the sub-transit short-circuit power Sk " is performed.

The computation is based on the determination of the impedance of the entire grid related to the fault location.
Hereby, all components which feed-in into the grid i.e. the "External Grid” and all types of generators are
replaced by their internal impedance’s. Further, the capacities of the cables and overhead-lines, the parallel
admittances of the no-rotating loads, the impact by the static loads, the tap position and the no-load losses of
the transformers can be neglected. So, the "External Grid’, the cable and overhead-lines, the transformers as
well as the generators are only described by their individual R-X serial impedance, whereas loads are ignored.

R X
External Grid -L_:_-_.
R X

Cable / Overhead Line

R X
Transformer :' S
R X

Generator o H——)
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Load ignored

Figure 51 Equivalent short-circuit diagrams.

Normally the short-circuit currents and the short-circuit power are determined for all grid nodes. Hereby, in
each case only one fault location is chosen and analyzed.

Concerning the tasks of the project it is necessary to calculate only the symmetrical short-circuit in all grid
nodes.

9.4.2.3 Flicker calculation

The flicker calculation is based on the results of the short-circuit calculation. Therefore, the short-circuit power
and the grid angle of an inspected grid node is used, calculated by a short-circuit calculation without
generators.

9.4.2.4 Basics

Based on the calculation algorithm of different wind turbines in the grid, the flicker contribution of each wind
turbine can be estimated by the equation concerning the medium voltage level.

CSpyr ¢ Pryr
P,,r=11- =
Sk ﬂ’RWT.Sk

The phase angles of the wind turbine and of the grid impedance are assumed as worst case. Within this
formula, factor c is the flicker factor of the wind turbine, normally given by the manufacturer. Sg wr represents
the rated apparent power of the wind turbine and Si™" is the initial short-circuit power of one grid node, a single
wind turbine affects to.

Normally, the inspected grid node is the point of common coupling (PCC), the connection node of a whole wind
farm, since this node is affected most of all. Relating the grid nodes within a single wind farm or by the
calculation of a grid with several wind farms (several PCC), different calculation algorithms exist to calculate
the resulting flicker values in these nodes. The implemented algorithm is based on a publication of DEWI
(Deutsches Windenergie-Institut GmbH).

In this algorithm, it is possible that the initial short circuit power of a grid node has to be taken into account in
order to calculate the flicker contribution of one wind turbine, although this node is neither the grid node, at
which the turbine is connected, nor the node, for which the long-term flicker is being calculated. The allocation
of the node will not be presented within this manual.

The interaction of each single flicker value to the total flicker is described by the equation:

n
_ m
I)Itres =7 ZPIt WTi
i=1

whereas factor n represents the number of wind turbines and factor m represents an interaction factor normally
set to 2. If all wind turbines are of the same type, i.e. they have the same apparent power and the same c-
value, the combination of these equations leads to the popular formula for the flicker calculation concerning the
PCC node or superordinated grid nodes:

\/;'C’SRWT

It res — ’ "
Sk
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In case of additional flicker sources in the grid, basing on different energy sources like wind or water, the factor
m can be set up to 3, which corresponds to:

3\/;'(3'5
P RWT

ltres: <L ”
Sk

As already mentioned, within the equations above the phase angles of the wind turbine and of the grid
impedance are assumed as worst case. For an exact flicker calculation, the angles must be considered using a
second flicker factor, the flicker relevant phase angle:

C@xact - Cworstcase ’

cos (¥, + (pf)‘

Due to several reasons, which should not be represented within this manual, the term cos (¥, + q)f) cannot
be "0". If the value is lower than 0.1, the result of this term is set to 0.1.

9.4.2.5 Different methods providing flicker data

Since there are three different ways to present the relevant flicker data of a wind turbine, the implementation of
the flicker calculation must consider these methods.

Method A: Flicker factor and the individual flicker relevant phase angle

Here, the provided data are the flicker factor and the individual flicker relevant phase angle. The contribution of
one wind turbine to the total long-term flicker is being calculated via the equations described before.

Method B: Flicker factor and a dependent flicker relevant phase angle (of = -Wk)

The available data are the flicker factor and the flicker relevant phase angle ¢r= -W¥, €. g. by an Enercon E40

(500 kW).
2 0° 15° 30° 45° 60° 75° 90°
c 6 6 6 6 6 6 6

Table1 Flicker data of an E40 (500 kW)

Using this phase angle — since the cos-term is always set to 1.0 — for the flicker contribution of the wind turbine
the worst case is always considered.

Method C: Various flicker factors subjected to the grid angle Wk

Here, the provided data are various flicker factors subjected to the grid angle ¥, e. g. an AN Bonus 1.3 MW.

Wi 0° 15° 30° 45° 60° 75° 90°
c 14 12 10 7 3 3 6

Table 2 Flicker data of an AN-Bonus 1.3 MW

Due to the fact that the calculation of the long-term flicker requires the flicker factors of all grid angles, interim
values are calculated using linear interpolation.
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Figure 52 Interpolation of the AN-Bonus data.

If the flicker data should not be given within the range of 0°-90°, e. g. a turbine by Vergnet (300 kW), the
values at the border areas are calculated again by linear interpolation, using two adjacent values.

Yk 30° 50° 70° 85°
c 12.6 11.4 9.0 6.3

Table 3 Flicker data of a Vergnet turbine (300 kW)
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y e
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Figure 53 Interpolation of the Vergnet data
Since the angles at such border areas are not realistic anyway, for those areas a major tolerance to the real
value seems to be acceptable.

9.4.2.6 Voltage Variations due to Switching Effects

Concerning the medium voltage level, the height of the voltage variations due to switching effects of each wind
turbine can be calculated by the equation:
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Aumax = 11 . kin'ax ',‘,S’R’WT = kin'ax i PR’WT
Sk /11% ) Sk

The calculation process is very similar to the flicker calculation. Here, factor kjmax represents the maximum
contribution of one wind turbine. Again, the height of this contribution depends on the grid angle. Equal to the
flicker calculation, factor k; max can be replaced by a factor k;» which represents the contribution at the specified
grid angle Y.

Normally, the k;¢ values are given as a table incrementing in 5°-steps.

Wi [0° |5° [10° |15° |20° [25° |30° |35° |40° |45° |50° |55° |60° |65° |70° |75° |80° | 85° |90

kiw 1.3 |13 |12 |12 |12 |12 |11 /1.0 |1.0 |09 |0.8 |0.7 |0.8 |0.8 |09 |09 |0.9 |1.0 |1.0

Table 4 Switching factors of an AN-Bonus 1.3 MW (Kimax = 1.2)

Again, interim values are calculated using linear interpolation.

9.4.2.7 Interaction of the flicker contributions of switching processes

Based on the IEC Guideline as well as the actual BDEW Guideline (Germany), the long term flicker which is
being created by a switching process of a WTG has to be calculated using:
Srg 8

Pup =8Ny ™" kpico ST Ny20;: %" ks i) * Sre
KV KV

Due to the fact that there shouldn’t be a difference whether a single turbine has e. g. 30 switching processes in
a time frame of two hours (N120) or each turbine of a group of ten WTGs switches only three times in the same
time frame, a grouping is being performed within windPRO: same type of WTG, same apparent power value
Sre, same value for the "Flicker Step Factor” kfand same grid connection point respectively short-circuit power

value of the grid connection point Skv (this node can be different based on the inspected grid node). The total

flicker contribution effect of the grouped WTGs is being calculated using:
S
P =8"(n"Nipo )" kriw) SLE
KV

Here, factor n is the number of the grouped turbines.
Unfortunately, there are no calculation instructions in the IEC guideline or the old German guideline on how to
calculate the total flicker contribution based on an interaction of the contributions of different turbines or same
kind of turbines with different grid connection points. Thus, so far a quadratic interaction factor has been used
in windPRO:

Now, there is a calculation instruction in the German BDEW guideline:
0,31

8 [
3,2
P, = s Z Nyzoi - (kricwy " Sre)
KV \i=

Unfortunately this equation only relates to the grid connection point of a whole wind farm because there is only
one short-circuit power of a single grid node which is being assessed for all turbines to calculate their
contribution.

In order to get a general equation, the equation has to be modified.
0,31

8 [&
3,2
Py = . Z Nizoi - (kricw) - Sre)
kv \i=
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0,31 Ng 0,31
8031 0,31 3,231
= —31 Ny20:937 - (kpicwy " Spe) 031 ;32031 =0992 ~1
Sky 031 \i=1
Ng 1 0,31
8031 0,31 1
= 1 Ni30,;031 '(kf,i(lp) 'SrE)0‘31
i=1 Sy, 031
Ng 1\ 031
8 031
_ . 0,31 , .
= Z (S Nizo, ks i SrE)
im1 KV
using
Prs = Nigoi® ki S
ItE = S 120,i fi(®) " °OrE
|4
result to
Ng 0,31
1
Py = Py ;031
=1

or in another way of writing:

Thus, the same equation like before can be used in case an interaction factor of
= 3,2258

0,31

is being considered.
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