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SUMMARY

The goal of this Masters Thesis research is to evaluate alternative transmission
systems from remote wind farms to the main grid using low-frequency AC technology.
Low frequency means a frequency lower than nominal frequency (60/50Hz). The low-
frequency AC network can be connected to the power grid at major substations via cyclo-
converters that provide a low-cost interconnection and synchronization with the main
grid. Cyclo-converter technology is utilized to minimize costs which result in systems of
20/16.66 Hz (for 60/50Hz systems respectively). Low frequency transmission has the
potential to provide an attractive solution in terms of economics and technical merits.

The optimal voltage level selection for transmission within the wind farm and up
to the interconnection with the power grid is investigated. The proposed system is
expected to have costs substantially lower than HVDC and conventional HVAC systems.
The cost savings will come from the fact that cyclo-converters are used which are much
lower in cost than HVDC. Other savings can come from optimizing the topology of the
wind farms. Another advantage of the proposed topologies is that existing transformers
designed for 60 Hz can be used for the proposed topologies (for example a 345kV/69 kV,
60Hz transformer can be used for a 115 kV/23kV, 20 Hz system).

The results from this research indicate that the use of LFAC technology for
transmission reduces the transmission power losses and the cost of the transmission
system. The alternate topologies suitable for various geographical locations and optimal

voltage for transmission within the wind farms are presented in the thesis.

Xiii



CHAPTER 1
INTRODUCTION

1.1 Problem Statement

Renewable sources of energy are widely available and proper utilization of these
resources leads to decreased dependence on the fossil fuels. Wind is one such renewable
source available in nature and could supply at least a part of the electric power. In many
remote locations the potential for wind energy is high. Making use of the available wind
resources greatly reduces the dependence on the conventional fuels and lowers the
emission rates.

There are a few problems associated with the wind which makes the wind energy
more expensive than other forms of electric power generation. The two main issues are:
(a) Large wind farms are located in remote locations which make the cost of transmission
of wind power costly, and (b) the intermittent supply of power due to the unpredictability
of the wind that results in lower capacity credits for the operation of the integrated power
system.

These issues are addressed by designing alternative topologies and transmission
systems operating at low frequency for the purpose of decreasing the cost of transmission
and making the wind farm a more reliable power source. The use of DC transmission
within the wind farm enables the output of wind generators to be rectified via a standard

transformer/rectifier arrangement to DC of appropriate kV level.

1.2 Research Objectives

The following tasks have been carried out for the development of alternate topologies

with low frequency transmission technology.



e Literature study of previous research on low frequency AC transmission and wind
farm topologies.

e Design of alternate topologies.

e Calculation of optimal transmission voltage levels for different topologies.

e Modeling the system using WinlGS-F software.

Optimization of the system is done depending on the area covered by the wind
farm. Storage can be provided at the DC buses. The storage is not unique to low-
frequency transmission. An inverter is used to transform DC to AC of low frequency,
preferably of 1/3 of the normal power frequency. The low frequency AC voltage is
transformed to higher voltages for efficient transmission. The above-described basic
approach produces a number of alternative topologies for specific geographical
arrangements. In addition, it will allow the development of other forms of storage

systems, such as hydro or pumped hydro that may be located in remote areas.



CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

In recent years the amount of electricity produced from wind has grown rapidly.
Large wind farms located remotely or offshore are used to meet the increasing power
demand. This requires transmission of power over long distances. In this study, low
frequency AC (LFAC) transmission technology is proposed for various designs of the

wind farms.

2.2 Technologies for Wind Farm Power Transmission

The possible solutions for transmitting power from wind farms are HVAC, Line
commutated HVDC and voltage source based HVDC (VSC-HVDC). Low frequency AC
transmission (LFAC) is particularly beneficial in terms of cost savings and reduction of
line losses [4] in cases where the distance from the power generating stations to the main
power grid is large. The use of fractional frequency transmission system (FFTS) for
offshore wind power is discussed in [6]. The author proposes LFAC as an alternative to
HVAC and HVDC technologies for a short and intermediate transmission distances.
HVAC is more economical for short transmission distances. For longer distances, HVAC
has disadvantages like increase in the cable cost, terminal cost and charging.

HVDC transmission systems and wind farm topologies are discussed in [12].
HVDC being a matured technology is used for longer distances. Compared to HVDC,
the LFAC system reduces the usage of an electronic converter terminal which reduces the
investment cost. HVDC technology is used only for point-to-point transmission [11], and

LFAC can be used for similar networks as AC transmission.



Further, VSC-HVDC replaces the thyristors with IGBTs and is considered to be
the most feasible solution for long distance transmission. However, addition of converter
stations on both sides of the transmission line increase the investment cost of the VSC-
HVDC system [7] compared to LFAC.

Hence, due to the limitations of the HVAC and HVDC the proposed LFAC is
used in the design of transmission systems. The use of LFAC can be extended to long
transmission distances. Cyclo converter technology is used for converting the AC of
nominal frequency to AC of one third frequency i.e. 16.67 Hz/20 Hz for a 50 Hz/ 60 Hz
transmission system'. Several advantages of the LFAC are identified. The transmission
system used for conventional AC system can be used for LFAC without any

modifications and the LFAC system increases the transmission capacity.

2.3 Wind Farm Connections and Cost Analysis

Thomas et al., [2] proposed that a series connection of the wind farm leads to the
elimination of the offshore platform and the turbines’ output would be DC. As a result the
desired high transmission voltage can be obtained directly without a large centralized
DC/DC converter. Various wind farm designs are proposed based on this idea with low
frequency and nominal frequency transmissions.

Lundberg [7, 8] presents various wind farms and energy production costs for these
wind farms. The different electrical configurations for the wind farm discussed are large
AC, AC/DC, small DC, large DC and series DC system. A result of the study is that a
series DC wind farm has promising energy production cost, if the transmission distance is
above 20 km.

Wind power is an intermittent source of energy. The author in [1] presents a
computationally efficient recursive algorithm to calculate the wind farm power output

distribution. The model focuses on generation and transmission system reliability. In the



present study various wind farm configurations are designed to determine the total cost of
the energy production and transmission system reliability issues need to be addressed.

Increased penetrations of wind energy cause operational problems to the utility grid
[3]. An AC/DC/AC interface resolves the operational problems caused due to the
increased wind energy penetration by introducing protection and coordinated control of
the wind farm output.

The goal of this thesis is to evaluate alternative transmission systems from remote
wind farms to the main grid using LFAC. The wind farm design, cost and efficiency of
the transmission system influence the economics of the overall system [12]. The main
focus of this thesis is to develop comprehensive methodology for determining the optimal

topology and optimal transmission voltage for a LFAC system.



CHAPTER 3
TOPOLOGIES FOR LOW FREQUENCY TRANSMISSION

3.1 Introduction

The literature survey indicates that many topologies and systems have been
proposed for transmitting power from wind farms to the main power grid. In this section
a number of topologies and systems are presented that are further evaluated for their costs

and operating voltages.

3.2 Wind farm topologies

A wind farm is a group of interconnected wind turbines located in the same
geographical area. Individual wind turbines are interconnected by medium voltage power
collection system. In order to connect the local wind turbine grid to the transmission
system the voltage is increased. A wind farm contains the following elements: wind
turbines, local wind turbine grid, collecting point, transmission system and wind farm
interface to the point of common connection (PCC). The power from the wind turbine
units is collected at the collecting point where the voltage is increased to a level suitable
for transmission. The power is then transmitted to the wind farm grid interface over the

transmission system. The following are the different wind farm topologies:

3.2.1 Wind system configuration 1: AC wind farm, Nominal frequency, Network
connection

Wind farms that are built today have an AC electrical system from the wind
turbines to the PCC. Two different types of AC wind farms referred in this thesis are
radial and network connections. Radial wind farms are suitable for small wind farms with
a short transmission distance. In a small AC wind farm, the local wind farm grid is used

both for connecting all wind turbines in a radial fashion and transmitting the generated



power to the wind farm grid interface. Network connected wind farms are usually large
AC wind farms where the local wind farm grid has a lower voltage level than the

transmission system.
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Figure 3.2.1: Wind system configuration 1: AC wind farm, Nominal frequency, Network

connection

The wind system configuration 1 shown in figure 3.2.1 has network connection of
wind turbines and AC power collection system. The configuration is described with the
following parameters:

¢+ - Number of radial feeders
m; : Number of wind turbines in radial feeder i
d; : Distance between adjacent wind turbines in feeder i (feet)

I: Distance between the last wind turbine and the collector substation (feet)



P:: Power rating of the wind turbine (MW)

Vgn : Nominal generator voltage (kV)

Vy«n : Nominal high side transformer voltage (kV)

R,X : Positive sequence resistance and reactance of medium voltage cable per unit length
(ohms/meter)

For the parametric study the following parameters are considered: Wind turbine system
(WTYS) rating (Pt): LMW, 1.75MW, 2.25MW or 3.6MW. Distance between two adjacent
wind turbine systems d; is fixed based on the rating of the wind turbine (WTS of 1 MW,
di= 300 ft, WTS of 1.75 MW, d;= 500 ft, WTS of 2.25 MW, d; = 600 ft, WTS of 3.6 MW,
di = 700 ft). Medium voltage cable size: 1/0, 2/0, 3/0, 4/0, 250 KCM, 350 KCM, 500
KCM and 750 KCM and rated voltage: 5 kV, 15 kV and 28 kV. Cost of cable is obtained

from South wire.

3.2.2 Wind System Configuration 2: AC Wind Farm, AC/DC Transmission,
Network Connection

The wind system configuration 2 shown in figure 3.2.2 is similar to the wind system
configuration 1 except for the transmission part from the collector substation to the main
power grid. AC transmission is replaced by DC transmission in this configuration.
Nominal frequency transmission is adopted within the wind farm. This wind farm is
referred to as AC/DC wind farm. This type of system does not exist today, but is
frequently proposed when the distance to main grid is long. The wind system
configuration 2 is also described with the same parameters as the wind system

configuration 1.
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Figure 3.2.2: Wind system configuration 2: AC wind farm, AC/DC transmission,
Network connection

3.2.3 Wind system configuration 3: Series DC Wind farm, Nominal frequency,
Network connection

The wind system configuration 3 has a DC power collection system. Wind
turbines are connected in series and each set of series connected array is connected to the
collection point. Using DC/AC converters, AC of suitable voltage level and nominal
frequency is generated. VVoltage is stepped up and the power is transmitted to the

interconnection point at the power grid by a high voltage transmission line.
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Figure 3.2.3: Wind system configuration 3: Series DC Wind farm, Nominal frequency,

Network connection

The wind system configuration 3 as shown in figure 3.2.3 is described with the

following parameters:

¢ - Number of radial feeders

m; : Number of wind turbines in radial feeder i

d; : Distance between adjacent wind turbines in feeder i (feet)

I: Distance between the last wind turbine and the collector substation (feet)

P:: Power rating of the wind turbine (MW)

Vgn : Nominal generator voltage (kV)

Vyn : Nominal high side transformer voltage (kV)

R,X : Positive sequence resistance and reactance of medium voltage cable per unit length

(ohms/meter)
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3.2.4 Wind System Configuration 4: Parallel DC Wind Farm, Nominal Frequency,
Network Connection

Wind system configuration 4 differs from the wind system configuration 3 in the local
wind farm design. Here a number of wind turbine systems are connected in parallel and
each set of parallel connected wind turbines are connected to a collection point. Using
DC/AC converters, AC of suitable voltage level and nominal frequency is generated. At
the collection point voltage is stepped up by means of a transformer and the power is
transmitted to the interconnection point at the power grid by a high voltage transmission

line.
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Fig. 3.2.4: Wind system configuration 4: Parallel DC Wind farm, Nominal frequency,

Network connection
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Two small sized wind farms are interconnected via a transmission line to ensure reliable
supply of power to the main grid in the event of fault or maintenance shut down in any
one of the wind farms by transferring power generated from the other wind farm.
The wind system configuration 4 as shown in Figure 3.2.4 is described with the
following parameters:
n¢ : Number of radial feeders
m; : Number of wind turbines in radial feeder i
d; : Distance between adjacent wind turbines in feeder i (feet)
I: Distance between the last wind turbine and the collector substation (feet)
P : Power rating of the wind turbine (MW)
Vgn : Nominal generator voltage (kV)
Vs« : Nominal high side transformer voltage (kV)
R, X : Positive sequence resistance and reactance of medium voltage cable per unit length

(ohms/meter)

3.2.5 Wind System Configuration 5: Series DC Wind Farm, Low Frequency Radial
AC Transmission

The wind system configuration shown in figure 3.2.5 has a DC wind farm. Here a
number of wind turbine systems are connected in series and each series string is
connected to a collection point. An inverter is used to convert DC to AC of low-
frequency preferably one third the nominal power frequency at the collection point. The
voltage is raised to higher kV levels by means of a transformer (standard transformers are
used with appropriately reduced ratings for the low frequency). The power is transmitted
to the main power grid via lines operating at low frequency. Using cyclo-converters the

low frequency is converted to power frequency before connecting to the main power grid.

12
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Figure 3.2.5: Wind system configuration 5: Series DC wind farm, Low frequency radial

AC transmission

The wind system configuration 5 has the same parameters as wind system

configuration 3.

3.2.6 Wind System Configuration 6: Parallel DC Wind Farm, Low Frequency,

Radial Transmission

Wind system configuration 6 is similar to the wind system configuration 5. Here the
difference is that the wind turbines are connected parallel to each other and to the
collection point. Parallel connection of wind turbines leads to same voltage across the
terminals of all the wind turbine systems. The generated power is converted to low-
frequency AC using inverter and transmitted over long distances to the power grid.
Cyclo-converter technology is used to convert the low frequency to nominal frequency

before connecting the system to the main power grid.
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Figure 3.2.6: Wind system configuration 6: Parallel DC Wind Farm, Low frequency,

Radial transmission

The wind system configuration 6 has the same parameters as wind system

configuration 4.

3.2.7 Wind System Configuration 7: Series DC Wind Farm, Low Frequency AC
Transmission Network

Here a number of wind turbine systems are connected in series and each set of series
connected array is connected to a collection point. At the collection point DC is
converted to low frequency AC by means of inverters. The transmission of power up to
the main power grid is by means of a network of transmission lines operated at low
frequency. The low frequency AC system is connected to the power grid by means of

cyclo-converters.
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Figure 3.2.7: Wind system configuration 7: Series DC wind Farm, Low frequency AC

transmission Network

The wind system configuration 7 as shown in Fig. 7 has the same parameters as wind

system configuration 3.
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3.2.8 Wind System Configuration 8: Parallel DC Wind Farm, Low Frequency AC

Transmission Network

Wind system configuration 8 has a number of wind turbine systems connected in

parallel and each set of parallel connection of wind turbine systems are connected to a

collection point. From the collection point to power grid system is identical to wind

system configuration 7.
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Figure 3.2.8: Wind system configuration 8: Parallel DC wind Farm, Low frequency AC

transmission Network

The wind system configuration 8 as shown in Figure 3.2.8 has the same parameters as

wind system configuration 4.
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To summarize, the topologies of different wind system configurations have been
discussed. The parameters which describe these wind system configurations are listed.
Calculations in chapter 4 are based on these parameters. For a particular geographical
location depending on the wind statistics and land availability the wind farms are

designed.
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CHAPTER 4
VOLTAGE LEVEL SELECTION

This section provides analysis and results that determine the optimal transmission
voltage used in the alternative wind transmission systems up to the main DC bus. The
optimal kV level for transmission within the wind farm is selected by evaluation of the
total costs consisting of operational costs (mainly losses) and annualized investment cost.
The cost of the auxiliary equipment is not considered. The power loss during
transmission in a wind farm is a function of the following parameters:

e Size of the medium voltage cable

e Distance between two adjacent wind turbines

e Number of wind turbines

e Number of radial feeders

o Voltage rating of the wind turbine system transformer
e Voltage rating of the transformer at the collection point
e Interest rate charged on the acquired components
e Life time of the equipment and the cable

The optimal kV level is selected on the basis of minimal total cost consisting of
operating costs (mainly transmission loss) and investment cost. Calculations to determine

the losses in $ per year and the annual investment cost are discussed in this chapter.

4.1 Voltage calculation 1 - Wind system configuration 5: Series DC wind farm, Low
frequency radial AC transmission:

Wind system configuration 5 has a series DC wind farm as shown in figure 4.1 where
m; wind turbines are connected in series to obtain the suitable transmission voltage. The

wind turbine systems are assumed to be identical, thus resulting in same voltage and
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current through them. A wind farm rated 30 MW consisting of 10 wind turbines each
rated 3 MW is considered. The transmission voltage for calculation purpose is selected as
35 kV. Thus, the nominal high side transformer voltage for the wind turbines is 3.5 kV.
The optimal transmission voltage is obtained by plotting the values obtained from the
calculation of loss and the annual investment cost of the cable and converter for different
values of the transmission voltage. The resistance of the chosen cable is approximately

0.0153 ohm/ 1000 ft.

Collector Substation

\ Main DC bus

4 Vxn % _} ; : Cyclo Converter
% : : - ~ /
A (%) ;} 1 1 /\*: 3¢ /
! ¢ : I \$ ) 3t /
'— di —| '— T ! I K

20Hz Transmission line

Figure 4.1: Wind farm configuration 1: Series DC wind farm, radial connection

4.1.1 Calculation of transmission loss (up to the main DC bus) ($/yr)

The following equations are used to determine the transmission loss with in the wind

farm.
Pt = 1geVin 1)
Vxn - \@
m; 2
| i
o=+
"V 3)

R =2r(l+(m. ~1)d) (4)
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2
Where,

ns : Number of radial feeders = 1

m; : Number of wind turbines in radial feeder i = 10

di : Distance between adjacent wind turbines in feeder i (feet) = 500 ft
| : Distance from the last wind turbine to the collection point = 600ft
P:: Power rating of the wind turbine (MW) =3 MW

Vgn : Nominal generator voltage = 0.575 kV

V4c: Nominal DC bus voltage = 35 kV

Vs : Nominal high side transformer voltage = 3.5 kV

R,X : Positive sequence resistance and reactance of medium voltage cable per unit length
(ohms/meter)

lgc : DC current in the DC circuit [Amperes]

r : Resistance of cable per unit length = 0.0153 ohms/1000ft

P.: Transmission power loss [MW]

Substituting the above values in (1), (2), (3), (4) and (5) we get:

lgc= 857 A

R =0.156 ohms

PL=0.1145 MW

C: Cost of electricity = $100/ MWh

Lossin$/ yr = (8760)nfC P

(6)

This formula assumes that the wind farm operates continuously at maximum power
which is unrealistic. The capacity factor of a wind turbine is approximately 30% [1].
Hence the resultant Loss in $/yr is multiplied by 0.3.

Therefore, Loss = $ 30,110 /yr.
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4.1.2 Calculation of Cost of cable and the converter equipment in $/yr

The acquisition cost of the cable is $ 18.5 /ft. To calculate the cost of cable required for
the entire wind farm, the length of the cable is calculated. Multiplying the acquisition cost
of cable by the total length of the cable gives the acquisition cost of the cable for the

entire wind farm in $.

L=2n (I+(m. -1d) )
CCost=n ¢ L ACost (8)

L: Total length of the cable up to the collection point [feet]
CCost: Acquisition cost of cable for entire wind farm [$]
ACost: Acquisition cost of the cable per feet = $ 18.5 /ft

Total length of cable, L = 10,200 ft

Therefore, acquisition cost of the cable, CCost = $ 188,700/yr.

The cost of converter is given by

0.5
Costeony = (05) m.n Costinv[1+ (VX” J ] 9)
i 690
Costeony: Cost of converter [$]
Costjny: Cost of inverter = 14,692 $
The above calculation gives the acquisition cost of converters to be $238,907.

Assuming an interest rate of 6% and the life time of the cable and the converter to be 20
years, the annual amortization is calculated. Acquisition cost of the cable and the
converters is $ 427,607.

i(1+i)"

A=P -

P: Acquisition cost of cable and converter = 427,607 $

A: Annual investment for cable and converter [$/yr]
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i: Interest rate= 6%
N: Life time = 20 years

Thus, the annual investment for cable and converter is $ 37,244 /yr. For determining
the optimal operating voltage, V. vs. Loss ($/yr) and Vg vs. Annual investment for cable
and converter ($/yr) are plotted. The optimal voltage level is determined by the lowest
point of the curve obtained by adding the Loss ($/yr) and Annual investment cost ($/yr)

as shown in figure 4.2.

10 e L L L L L
- +— Loss ($/yr) vs Vc (kV)
i = Annual investment cost ($/yr) vs Vc (kV)
L ©— Total cost ($/yr) vs Vc (kV)
@
106 i -
@ [ =
17 \
S - S
O %_ ~
~5
10° |- .
- A l
I £ = L
0 . - \
104 L C C r C r I
0.5 1 1.5 2 2.5 3 3.5
Voltage at the Collection point Vc (kV) x 104

Figure 4.2: Plot of voltage at Che main DC bus vs. total cost for m;=10, Pt = 3SMW

From the plot in figure 4.2 it can be seen that for the wind farm rated 30 MW
having 10 wind turbines the optimal voltage would be around 35kV. As the voltage level
further increases the transmission power loss decreases but the cost of the cable and the

converter increases. The plots of annual investment cost vs. Vg and loss vs. V. intersect
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at 32 kV, from that point the annual investment cost goes on increasing. The optimal
voltage is obtained by determining the lowest point on the graph obtained by adding the
annual investment cost and the loss in $/yr. The x coordinate of the point is the optimal
transmission voltage which is 35 kV in this case. For different wind turbine ratings, cable
size and the wind farm size the optimal level of voltage is calculated in a similar fashion

as shown above.

4.2 Voltage level selection 2 - Wind system configuration 3: Series DC wind farm,
Nominal frequency, Network connection:

Here we consider wind system configuration 3 and 7. Both topologies have same wind
farm configurations. They have m; wind turbines connected in series on each radial feeder
and n¢radial feeders forming a network connection. All the wind turbine systems are
assumed to be identical, thus resulting in same voltage and current through them. In this
case, wind turbines rated 2 MW and 5 radial feeders are considered with 5 wind turbines
on each feeder. The rated power of the wind farm is assumed to be 100 MW. The
transmission voltage is selected as 35 kV, which makes the nominal high side transformer

voltage for the wind turbines to be 7 kV.
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Fig. 4.3: Wind system configuration 3: Series DC wind farm, nominal frequency,
network connection

4.2.1 Calculation of transmission loss (up to the Main Dc Bus) ($/yr)

The equations (1), (2), (3), (4) and (5) are used to determine the transmission loss
within the wind farm.
Where,
ns : Number of radial feeders =5
m; : Number of wind turbines in radial feeder i =5
di : Distance between adjacent wind turbines in feeder i (feet) = 500 ft
| : Distance from the last wind turbine to the collection point = 600ft
P¢: Power rating of the wind turbine (MW) =2 MW
Vgn : Nominal generator voltage = 0.575 kV
V4e: Nominal DC bus voltage = 35 kV
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Vs« : Nominal high side transformer voltage = 7 kV

R, X : Positive sequence resistance and reactance of medium voltage cable per unit length
(ohms/meter)

lgc : DC current in the DC circuit [Amperes]

r : Resistance of cable per unit length = 0.0153 ohms/1000ft

P : Transmission power loss [MW]

Substituting the above values in (1), (2), (3) and (4) we get:

lgc=285.7 A

R =0.0796 ohms

PL=0.0324 MW

P_ here is the transmission power loss for the whole wind farm which includes 25 wind
turbines. Loss in $/yr is multiplied by 0.3 to account for the capacity factor.

Therefore, Loss = $ 8,514 /yr.

4.2.2 Calculation of Cost of cable and the converter equipment in $/yr

The acquisition cost of the cable is $ 18.5 /ft. To calculate the cost of cable required for
the entire wind farm, the length of the cable is calculated. Multiplying the acquisition cost
of cable by the total length of the cable gives the acquisition cost of the cable for the
entire wind farm in $. Equations (8) and (9) are used to calculate the length of the
transmission cable and acquisition cost of the cable respectively.

L: Total length of the cable up to the collection point [feet]

CCost: Acquisition cost of cable for entire wind farm [$]

ACost: Acquisition cost of the cable per feet = $ 18.5 /ft

Total length of cable, L = 26,000 ft

Therefore, acquisition cost of the cable, CCost = $ 481,000 /yr.

Using equation (9) the acquisition cost of converter is calculated to be $768,595.

Assuming an interest rate of 6% and the life time of the cable and the converter to be 20
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years, the annual amortization is calculated using equation (10). Thus, acquisition cost of

the cable and the converter is $ 1,249,595.

P: Acquisition cost of cable and converter = 1,249,595 $
A: Annual investment for cable and converter [$/yr]
I: Interest rate= 6%
N: Life time = 20 years

Thus, the annual investment for cable and converter is $ 108,714 /yr. For
determining the optimal voltage (Vgc), Ve Vs. 10ss ($/yr) and Vg vs. annual investment
for cable and converter ($/yr) are plotted. The optimal voltage level is determined by the

lowest point of the curve obtained by adding the loss ($/yr) and annual investment ($/yr)

curves.
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Figure 4.4: Plot of voltage at the main DC bus vs total cost for mi=5, n¢=5, Pt =2 MW
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From the plot in figure 4.4 it can be seen that, for this case with a wind farm rated 100
MW having 25 wind turbines rated 2 MW each, the optimal voltage would be 30 kV.
This is the lowest point on the curve obtained by adding the loss ($/yr) and annual
investment cost of cable and converters ($/yr). As the voltage level further increases the
power loss decreases but the cost of the cable and the converter increases. Higher the
transmission voltage, lower would be the losses but the cost of transmission cable and the
converter increases. Thus, to make the system economical, optimal voltage level is

chosen as the lowest point on the total cost curve which is 30 kV.

4.3 Voltage level selection 3 - Wind system configuration 6: Parallel DC wind farm,
low frequency, radial connection

The wind farm design of wind system configuration 6 has m; wind turbines connected
in parallel to each other and to the collection point. The power generated is collected and
transmitted to the gird using low frequency AC transmission. All the wind turbine
systems are assumed to be identical, thus resulting in same voltage and current through
them. Here 10 wind turbines each rated 3 MW are chosen. The rated power of the wind
farm is assumed to be 30 MW. The transmission voltage is chosen to be 25 kV for
calculation purpose. Thus, the nominal high side transformer voltage connected to the
wind turbines is 25 kV. The optimal transmission voltage for this case is calculated based
on the annual investment cost and the transmission power loss for different voltage

ranges from 5 kV to 35 kV.

4.3.1 Calculation of transmission loss (up to the Main Dc Bus) ($/yr)

The following equations are used to calculate the transmission loss in the wind farm up

to the collection point.
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Figure 4.5: Wind system configuration 6: Parallel DC wind farm, low frequency, radial
connection

542 2 2
Pl__2l1 rdi+2I2rdi+...2ImlrI (11)

I =1+l +
(12)

Where,
I, : Current at n™ wind turbine [Amperes]
n : Number of radial feeders = 1
m; : Number of wind turbines in radial feeder i = 10
d; : Distance between adjacent wind turbines in feeder i (feet) = 500 ft
| : Distance from the last wind turbine to the collection point = 600ft
P:: Power rating of the wind turbine (MW) =3 MW
Vgn : Nominal generator voltage = 0.575 kV
V4c: Nominal DC bus voltage = 25 kV
Vyn : Nominal high side transformer voltage = 25 kV
R,X : Positive sequence resistance and reactance of medium voltage cable per unit length
(ohms/meter)

lgc : DC current in the DC circuit [Amperes]

r : Resistance of cable per unit length = 0.0215 ohms/1000ft
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P : Transmission power loss [MW]
lgc = 120 A

Cost of electricity = $ 100/ MWh
Loss in $/yr is calculated using (6).

Loss = $32,950 /yr.

4.3.2 Calculation of Cost of cable and the converter equipment in $/yr

The acquisition cost of the 25 kV cable is 12 $/ft. To calculate the cost of cable
required for the entire wind farm, the length of the cable is calculated. Multiplying the
acquisition cost of cable by the total length of the cable gives the acquisition cost of the
cable for the entire wind farm in $. Equations (8) and (9) are used to calculate the
acquisition cost of the cable for entire wind farm.

L: Total length of the cable up to the collection point [feet]
CCost: Acquisition cost of cable for entire wind farm [$]
ACost: Acquisition cost of the cable per feet = $ 12 /ft

Total length of cable, L = 10,200 ft

Therefore, acquisition cost of the cable, CCost = $ 122,400 /yr.

The cost of converter is given by

690

0.5
( ) Vdc
Costeony =105 m.n. Costjy| 1+ (13)

Costcony: Cost of converter [$]
Costiny: Cost of inverter = 14,692 $

The above calculation gives the total acquisition cost of converters to be
$515,637. Assuming an interest rate of 6% and the life time of the cable and the converter
to be 20 years, the annual amortization is calculated. Acquisition cost of the cable and the

converters is $ 638,037.
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P: Acquisition cost of cable and converter = 638,037 $
A: Annual investment for cable and converter is calculated using equation (11)
i: Interest rate= 6%
N: Life time = 20 years

Thus, the annual investment for cable and converter is $ 55,509 /yr. For
determining the optimal voltage (Vqc), Vac VS. Loss ($/yr) and V. vs. Annual investment
for cable and converter ($/yr) are plotted. The optimal voltage level is determined by the
lowest point of the curve obtained by adding the loss ($/yr) and annual investment ($/yr)
curves which is 35 kV for this wind system configuration with 10 wind turbines

connected in parallel as shown in figure 4.6.
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Figure 4.6: Plot of voltage at the main DC bus vs total cost for mj= 10, ns=1, Pt = 3 MW

From figure 4.6 it can be seen that the cost of the transmission cable increases with

increase in the voltage level and the losses in the transmission line decrease with increase
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in the voltage level. The lowest point on the total cost curve gives the optimal voltage. It

is 35 kV for the wind farm configuration 6.

4.4. Voltage level selection — 4 Wind system configuration 4: Parallel DC wind farm,
nominal frequency network connection

Wind system configurations 4 and 8 come under this case. Here the wind farm is
constructed in such a way that m; wind turbines are connected in parallel and the power is
collected at the collector substation. Likewise another m; wind turbines are connected in
parallel and power is collected at the collector substation. These two sets of small wind
farms are interconnected as shown in figure 4.7. Power from the substation is transmitted
over long distances either by AC of nominal frequency as in Wind system configuration 4
or by AC of low frequency as in wind system configuration 8. In this case let there be 10
wind turbines in each set of the smaller wind farms. Rating of the wind turbines is
assumed to be 3 MW with the rated capacity of wind farm to be 60 MW. Rated

transmission voltage is assumed to be 25 kV.

4.4.1. Calculation of transmission loss (up to the Main Dc Bus) ($/yr)

The calculations for the transmission loss up to the collector bus station are similar to
the wind farm configuration 6 as all the wind turbines are connected in parallel. There are
two sets of smaller wind farms which are interconnected to supply power to the main

grid. Thus the total transmission loss for this configuration is $ 65,900/yr.
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Fig. 4.7. Wind farm configuration 4: DC parallel wind farm, network connection

4.4.2. Calculation of Cost of cable and the converter equipment in $/yr

The cost of the cable and the converter equipment for this case is double the cost of the

cable and converter equipment required for the wind farm configuration 6. Thus, the

annual investment for cable and converter is $ 1,278,700 /yr. For determining the optimal

voltage (Vqc), Ve Vs. Loss ($/yr) and V. vs. Annual investment for cable and converter

($/yr) are plotted. The optimal voltage level is determined by the lowest point of the

curve obtained by adding the Loss ($/yr) and Annual investment ($/yr) curves.
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Figure 4.8: Plot of voltage at the main DC bus vs total cost for m;= 10, n=2, Pt =3 MW

Figure 4.8 represents the plot of voltage at the collection point vs. annual investment of
the cable and the loss in the transmission cable for different voltage levels. It can be seen
that the cost of the transmission cable increases with increase of the voltage level and the
losses in the transmission line decrease with increase of the voltage level. The lowest
point on the graph indicates that the optimal voltage, which is 35 kV.

In summary, the chapter covers different wind system configurations and the optimal
transmission voltage within the wind farm is obtained for each of them. These are
example configurations and a similar procedure can be followed to solve for a practical
wind farm system. In chapter 5 steady state analysis is performed on the wind system

configurations presented in chapter 4 to determine the power loss.
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CHAPTER 5

STEADY STATE ANALYSIS

5.1 Wind Farm Modeling

Performance of a multiphase system under steady state conditions is analyzed using
WinIGS-F program. Wind system configurations 1, 4 and 8 are modeled to analyze the
system performance. Wind system configuration 1 is shown in figure 5.1. It has an AC
grid with nominal frequency transmission throughout the transmission network. In figure
5.2 low frequency transmission i.e. 20 Hz transmission is adapted from the collector
substation to the main grid. The program performs power flow analysis of the system
together with its ground wire connections. The power flow solution report that is
generated by running the models gives the total generated power, total load power and
total power losses. The wind system configuration 1 is modeled as shown in figure 5.1.

The device parameters used for the models are presented in appendix A.

5.1.1 Wind system configuration 1_ model 1

In the system shown in figure 5.1 the wind farm is connected to a transmission line 54
miles long. Wind farm consists of 3 radial feeders with 4 wind turbines on each radial
feeder. All the wind turbines are identical and rated 2.7 MW each. A three phase two
winding transformer rated 3 MVA is connected to each wind turbine to raise the voltage
to 25 kV. The power generated at each wind turbine is collected at the collector
substation. A transformer rated 36 MV A with primary voltage of 25 kV and secondary
voltage of 115 kV is installed at the collector substation. At the end of the transmission

line a three phase constant electric load and a slack generator are connected.
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Figure 5.1 Wind system configuration 1 (60 Hz transmission)
Total power loss during transmission is obtained by running the model and it is 1.1925
MW for this case. The power flow solution report showing the total generated power,
load power and the total losses is presented in figure A.22.

Table 5.1 Transmission power loss for Wind system configuration 1 (60 Hz transmission)

Operating voltage (kV) Transmission length (miles) Power loss (MW)
60Hz transmission

69 54 1.1925

100 2.1294

115 54 0.4435

100 0.7764

138 54 0.3179

100 0.5454

In the table 5.1 the operating voltage, transmission length and power loss during

transmission are tabulated. It can be seen that as the operating voltage of the transmission
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line increases the power loss decreases. This is due to the decrease in the current with the
increase in the operating voltage which in turn decreases the I°R losses. The table
5.1shows the power loss for different operating voltage ranges 69kv, 115 kV and 138 kV.
Transmission line lengths of 54 miles and 100 miles are considered in the analysis.
Similarly in figure 5.2 wind system configuration 1 with 20 Hz transmission from the
collector substation to the main grid is shown. The dotted line in figure 5.2 represents the
60 Hz transmission line and the solid line represents the 20 Hz transmission line at a rated
voltage of 115 kV. Dotted line indicates that the line is not connected. Therefore, the
figure 5.2 has 20 Hz transmission line under operation. The total power loss in the low
frequency AC transmission system is 0.1405 MW. The modeling results show that the
power loss in the low frequency AC transmission line is lower than the power loss in the

nominal frequency transmission line.

54 mille 115 BV Lime 20 Hz

Figure 5.2 Wind system configuration 1 (20 Hz transmission)

5.1.2 Wind system configuration 4_ model 2
The wind system configuration 4 is modeled as shown is figure 5.3. It has two small
wind farms located at a distance away from each other. This model is similar to a

scenario where there are two wind farms in different geographical areas and power is
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collected at the collector substation and transferred over long distances to the main grid.
Under any disturbance to the generation of power in one of the wind farms the other wind

farm supplies the power.

Figure 5.3 Wind system configuration 4 (60 Hz transmission)

Each wind turbine is rated 2.7 MW with 25 kV operating voltage within the wind
farm. The operating voltage of the long distance transmission line from the collector
substation to the main grid considered here is 69 kV. Different operating voltages are
considered as shown in table 5.2 to calculate the total power loss. The power loss in this

system is 1.2488 MW.
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Table 5.2 Transmission power loss for wind system configuration 4 (60 Hz transmission)

Operating voltage (kV)

Transmission length (miles)

Power loss (MW)

60 Hz transmission

69 54 1.2488
100 2.2015
115 54 0.5483
100 0.8718
138 54 0.3962
100 0.6184

5.1.3 Wind system configuration 8 _ model 3

The wind system configuration 8 is modeled as shown in figure 5.4. A 20 Hz

transmission line, 54 miles long and operating at 69 kV is modeled in this case.

Figure 5.4 Wind system configuration 8 (20Hz transmission)
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Table 5.3 shows the power loss for the wind system configuration 8 under different
operating voltages and transmission distances. The results show that the loss on a low
frequency system is lower compared to nominal frequency transmission. In addition, the
transmission line parameters used for 60 Hz transmission can be used for 20 Hz
transmission.

Table 5.3 Transmission power loss for wind system configuration 8 (20 Hz transmission)

Operating voltage (kV) Transmission length (miles) Power loss (MW)
20 Hz transmission
69 54 0.3395
100 0.3398
115 54 0.1586
100 0.1589
138 94 0.1281
100 0.1283

To summarize, the chapter consists of different wind system configurations modeled to
perform steady state analysis. The power flow report which gives the total generated
power, total load power and the total power loss of the system is presented in figure A.22,
figure A.23, figure A.24 and figure A.25. The Wind system configuration 1 is a system
with nominal frequency i.e. 60 Hz transmission as shown in figure 5.1 and figure 5.2
represents a 20 Hz transmission system. These two models are identical except for the
transmission part. The models shown in figure 5.3 and figure 5.4 are a special scenario
where two different wind farms are interconnected via a transmission line to supply the

power generated to the main grid.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

Geographical locations that are suitable for wind farm development are in remote
locations far from the main transmission grid and major load centers. In these cases, the
transmission of wind power to the main grid is a major expenditure. The potential benefit
of the LFAC technology presented in this study is the reduction in the cost of the
transmission system. This makes the economics of the wind energy favorable and
increases the penetration of wind power into the system.

LFAC technology is used for transmission from the collector substation to the
main power grid. The thesis presents alternate topologies suitable for various
geographical locations and configurations of the wind farm. The optimal operating
voltage of the transmission lines within the wind farm is calculated for all the cases. The
optimal voltage is computed considering the cost of the cable, converter equipment and
the power loss due to transmission.

The preliminary study results show that higher the operating voltage lower will
be the transmission losses and with the increase of the transmission distance the
transmission losses on the line increase. The results obtained by modeling the wind
system configurations point towards higher transmission losses in 60 Hz transmission
compared to 20 Hz transmission.

Future development of the LFAC transmission system would require more work to
improve the overall system performance. LFAC transmission will allow the economical

development of storage systems, such as hydro or pumped hydro which needs to be
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investigated further. Transient stability analysis needs to be done to study the stability of
the power system under contingencies and to determine the transient discharge/charge
rates of the storage scheme and optimize its operation. Further, investigation of power
transfer capability index in terms of MW would give the amount of power transfer that

can be done over and above the operating conditions before violating constraints.
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APPENDIX A

DEVICE MODELS AND LINE CONFIGURATIONS

This Appendix presents the parameters of the system used in chapter 5. The single line
diagram of the system is shown in Figure 5.1. It represents wind system configuration 1
where the wind farm is connected to a transmission line 54 miles long. Wind farm
consists of 3 radial feeders with 4 wind turbines on each radial feeder. Models of the
generator, three phase transformer at the wind turbine and the collector substation, cable

models and parameters of the transmission cable are shown in the figures below.

Synchronous Generator Model Accept ‘
\Generator (Synchronous, Single Axis, SeqPar) Cancel |
Machine Identifier N/A . @ In Service
| IncireniaNTTEEr T Machine Status (O Out of Service Power Bus
| Wrs-2 |
%)ntrols Nominal Voltage (kV) | 0.575
T PV Control .
—>J—>% O pocontrol  Voltage Setpoint (pu) | 1.0
O Slack Voltage Regulated Bus
Ele WTS-2
Per Unit Inertia Constant | 25
Other Parameters |
__OutputPower | Minimum Power | Maximum Power _|
Real | 2.7 | 0.0 | 2.7 MW
Reactive | 0.0 | -0.5 | 0.6 MVAr
Reactive Power Allocation Factor | 1.0
Source Impedance Ohms Base
Positive Resistance | 0.0022042 | 0.02 | 3.0 MVA
Sequence  Reactance | 0.027552 | 0.25 0.575 kv
Negative (ReSiSIancﬂ 0.0022042 | 0.02 3.012 kA
Sequence
q 'Reactance | 0.027552 | 0.25 o010 ohms
Zero |Resistance | 0.0022042 | 0.02
Sequence | Reactance | 0.0099187 | 0.09
Update Ohms | Update PU |

Figure A.1 Generator parameters for WinlGS-F model 1
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3-Phase Transformer ¢, .- | |

3.0 MVA, 575V/25kV Transformer

| WISXFL-1 | BUsL
| 0575 | kv —\
(® O @ (®

WinIGS-F - Form: IGS_M104 - Copyright © A. P. Meliopoulos 1998-2010

Figure A.2 Parameters of three phase step up transformer at the wind turbine system
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3-Phase Transformer

36 MVA, 25/115 kV Transformer

BUS15 | / BUS16 |

138
O ® ® @

WinIGS-F - Form: IGS_M104 - Copyright © A. P. Meliopoulos 1998-2010

Figure A.3 Parameters of three phase transformer at the collector substation
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Multiphase Cable Model i || |

Cable WTS-1 to WTS-2

|__io000 |
25.0000
I | — |
AT [ [ o
4

WinIGS-F - Form: IGS_M123_1 - Copyright © A. P. Meliopoulos 1998-2010

Figure A.4 Cable model for WinIGS-F model 1

Cable Parameters

SCL-15KV-350KCM-CU
1.993 |
-32.928 |

CKT1 |

BUS1

Program WinIGS-F - Form GEN_GUI_CABLE

Figure A.5 Cable parameters
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Three phase overhead transmission lines with different operating voltages and
transmission distances are shown in figures A.6, A.7, A.8, A.9, A.10 and A.11. The
transmission lengths considered are 54 miles and 100 miles. Different operating voltages

considered are 69 kV, 115 kV and 138 kV.

% ‘ 3-Phase Overhead Transmission Line Accept

A4
e . .
“ | 3-Phase Overhead Transmission Line Cancel
Phase Conductors Type | ACSR - '—
Size | RAIL i N1 e o1
Shields/Neutrals Type | HS ) N
Size | 5/16HS B1¥ *Alg el
Tower/Pole Type | 101A
Circuit Number | 1
Structure Name | N/A 67.8 feet

Tower/Pole Ground Impedance (Ohms)

R= 25.0 X = 0.0
GetFrom GIS | — ine Length (miles) | 54.0
Line Span Length (miles) | 0.1 i
Soil Resistivity (Ohm-Meters)]| 100.0 GA. Power H-Frame WoodPole TOWER
Bus Name, Side 1 Circuit Number Bus Name, Side 2
| BUS16 B 1 ——— |  SLACK-GEN
Failure & Repair Rates . Operating Voltage (kV) 69.0
Failure Rate (per year) L] Insulated Shields Insulation Levels (kV)
| 1.0 [] Transposed Phases FOW (Front of Wave) 1000.0
Repair Rate (per year) [ ] Transposed Shields gL (Basic Insulation Level) 850.0
| 1.0 Read GPS Coordinates ‘ AC (AC Withstand) 470.0

Figure A.6 Parameters of three phase overhead transmission line (length = 54 mi,

operating voltage = 69 kV)
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3-Phase Overhead Transmission Line ||
: 3-Phase Overhead Transmission Line |

HS
5/16HS

101A
1

N/A 67.8 feet

00
—

L
GA. Power H-Frame WoodPole TOWER

WinIGS-F - Form: IGSF_M102 - Copyright © A. P. Meliopoulos 1998-2010

Figure A.7 Parameters of three phase overhead transmission line (length = 54 mi,

operating voltage = 115 kV)
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3-Phase Overhead Transmission Line ||
: 3-Phase Overhead Transmission Line |

HS
5/16HS

101A
1

N/A 67.8 feet

00
—

L
GA. Power H-Frame WoodPole TOWER

WinIGS-F - Form: IGSF_M102 - Copyright © A. P. Meliopoulos 1998-2010

Figure A.8 Parameters of three phase overhead transmission line (length = 54 mi,

operating voltage = 138 kV)
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3-Phase Overhead Transmission Line ||
: 3-Phase Overhead Transmission Line |

HS
5/16HS

101A
1

N/A 67.8 feet

00
—

L
GA. Power H-Frame WoodPole TOWER

WinIGS-F - Form: IGSF_M102 - Copyright © A. P. Meliopoulos 1998-2010

Figure A.9 Parameters of three phase overhead transmission line (length = 100 mi,

operating voltage = 69 kV)
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3-Phase Overhead Transmission Line ||
: 3-Phase Overhead Transmission Line |

HS
5/16HS

101A
1

N/A 67.8 feet

00
—

L
GA. Power H-Frame WoodPole TOWER

WinIGS-F - Form: IGSF_M102 - Copyright © A. P. Meliopoulos 1998-2010

Figure A.10 Parameters of three phase overhead transmission line (length = 100 mi,

operating voltage = 115 kV)
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3-Phase Overhead Transmission Line ||
: 3-Phase Overhead Transmission Line |

HS
5/16HS

101A
1

N/A 67.8 feet

00
—

L
GA. Power H-Frame WoodPole TOWER

WinIGS-F - Form: IGSF_M102 - Copyright © A. P. Meliopoulos 1998-2010

Figure A.11 Parameters of three phase overhead transmission line (length = 100 mi,

operating voltage = 138 kV)
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Parameters of a constant power three phase load of 50 MW is shown in figure A.12.

Figure A.13 represents the model of the slack generator.

Constant Power Three-Phase Electric Load ||
Load (Constant Power, 3-Phase |

138

50000.0 |
10000.0 |

o
w0

100.0

(P=a0+alvl+a2v2)

1

Program WinlGS-F - Form IGS_M161

Figure A.12 Parameters of Constant Power three-phase Electric load
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Synchronous Generator Model |
Generator (Synchronous, Single Axis, SegPar) |

Machine Identifier

Circuit Number

SLACK-GEN

Source Impedance | Ohms | PU | Base |
| —

4.7612 0.25001

[ 0.19044 0.010000

4.7612 | 0.25001 I

0.19044 0.010000
1.9044 0.10000

WinIGS-F - Form: IGS_M149 - Copyright © A. P. Meliopoulos 1998-2010

Figure A.13 Parameters of the slack generator
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RL or RC Ground Model ’ ’
Ground Impedance Model |

_ SLACK-GENN | | 1

WinIGS-F - Form: IGS_M111 - Copyright © A. P. Meliopoulos 1998-2010

Figure A.14 Parameters of the ground impedance model
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Figure A.15 shows the parameters of a 20 Hz transmission line operating at 138 kV. The
transmission system from the collector substation to the main power grid in the wind
system configuration 8 shown in figure 5.4 uses the parameters shown in figure A.15 for

20 Hz transmission.

Three Phase Equivalent Circuit Accept ‘

[Equivalent Circuit (Sequence Parameters, 3-Phase) Cancel ‘
Side 1 Bus . Side 2 Bus
| BUS16 (’M | SLACK-GEN
EESETE - | s JIT
Base = 100 MVA 1 Sidel | 9 Side2 | 3 8 Per Unit
Ohms / mMhos Ohms / mMhos Percent (%)
Positive Series Resistance | | 5.273 | 5.2730 | 2.7689
Sequence Series Reactance | 13.294 | 13.294 | 6.9807
Shunt Conductance | | 0.568 | 0.56800 | 10.817
Shunt Susceptance | |  0.000052 | 0.000052000 | 0.00099029
Negative Series Resistance | | 5.273 | 5.2730 | 2.7689
Sequence Series Reactance | |  13.294 | 13.294 | 6.9807
Shunt Conductance | | 0.568 | 0.56800 | 10.817
Copy Positive Shunt Susceptance | | 0.000052 | 0.000052000 | 0.00099029
Zero Series Resistance | 12,554 | 12554 | 65921
Sequence Series Reactance | | 49235 | 49.235 | 25.853
Shunt Conductance | | 0.237 | 0.23700 | 45134
Shunt Susceptance | |  0.000032 | 0.000032000 | 0.00060941
View Circuit Diagram ’ Update 2 & 3 ‘ Update 1 & 3 ’ Update 1 & 2 ‘

Figure A.15 Parameters of the 20 Hz transmission line operating at 138 kV
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Three Phase Equivalent Circuit Close
Positive Sequence
2.769 % 6.981 %
YY) J_ e
5.409 % /I 0.0004951 % 0.0004951 % /]; 5.409 %
Negative Sequence
2.769 % 6.981 %
5.409 % /I 0.0004951 % 0.0004951 % /I 5.409 %
Zero Sequence 6.592 % 25.85 %
O J_ AN YO J_ o)
2.257 % 0.0003047 % 0.0003047 % /17—7 2.257 %
BUS16 Series elements are resistances and reactances SLACK-GEN
138.0 kV Shunt elements are conductances and susceptances 138.0 kV

Figure A.16 Three phase equivalent circuit of the 20 Hz transmission

\ 2-Terminal Connector / Switch Cancel‘ Accept

Two-Node Connector Model

Side 1 Node Name

Side 2 Node Name

BUS15 N o\

Circuit Number

|

1 -

4 BUS16 N

O Open

® Closed O show Title

Figure A.17 2-Terminal connector model



Accept

Cancel
Two-Primary-Bus Connector Model
Bus Name Circuit Number Bus Name
| BUS5 | 1 BUS14

E Closec
Ao O o A
Bo O O ° B
Co O O o C

E Neutral Switc

E] Closec

N o O O o N

D Ground Switc

[ | sShow Tit

Figure A.18 Model for the Two-Primary-Bus Connector Model
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\ Series R-L or R-C Model Cancel Accept

\Series R-L or R-C Model
Resistance (Ohms) | 100.0

Reactance (Ohms @ 60 Hz) | 0.0
Circuit Number ‘ 1

First Node Name Second Node Name
WTS-4 N | WTSXFL-4 N

AAN——
100.000 Ohms

Figure A.19 Parameters of the Series R model

AAAC505

1 .
3 ARACE2L Sort by Name Sort by Size ‘ Cancel
3 AAC
4 AACTW AWG DCRes Area Dia Strands Ampacity
5 ACAR 162 QUAIL| 0.6814 133.1 0.4470 6/1 265
I || o I I I NS N R
7 ACSR-DIAM 164 RAIL/OD| 0.0790 1158.0 1.1650 3317 1090
8 ACSRAW 165 RAIUSD  0.0970 9540 1.1030 2117 975
9 ACSREHS 166 RAIUSSAC|  0.0943  954.0 1.1650 577 1000
10 ALUMINUM 167 RAIUTW ~ 0.0959  954.0 1.0610 3217 980
11 ALUMOWE 168 RAVEN 0.8580 105.6 0.3980 6/1 230
12 ALU_PIPE 169 REDBIRD ~ 0.0964  954.0 1.1960 2417 1010
13 ALU_PIPE_C 170 REDSTART ~ 0.1022] 900.0 1.1620 2417 970
14 BARENEUT 171 REDWING ~ 0.1273 7155 10810  30/19 840
15 BOLTS 172 REDWING/SSAC ~ 0.1239 7155 1.0810  30/19 865
16 COPPER 173 RINGDOVE/SD ~ 0.0688 1351.5 1.3340 4177 1205
17 COPPERWE 174 ROBIN| 1.0830  83.7 0.3540 6/1 200
18 COPPERWEL 175 ROOK 0.1446  636.0 0.9770 2417 765
19 COP_CLAD 176 ROOK/SD ~ 0.1444  636.0 0.9550 20/7 775
20 EHS 177 ROOK/SSAC ~ 0.1406  636.0 0.9770 2417 790
21 HS 178 RUDDY 0.1031 900.0 1.1310 45/7 945
22| OPGW 179 RUDDY/SSAC|  0.1002 900.0 1.1310 4517 965
23| OPTGW 180 SCISSORTL/SD ~ 0.0732| 1272.0 1.3050 3977 1155
24| RAILROAD 181 SCOTER ~ 0.1431  636.0 1.0190 3017 775
23| STEEL 182 SKIMMER ~ 0.1145  795.0 1.1400 3017 900
28 STL_PIPE 183 SMEW/SD ~ 0.0561 1780.0 1.5310 4317 1435
27| ST STEEL 184 SNOWBIRD/SD|  0.0900 10335 1.1850  40/7 1025
185 SPARATE  1.3500  66.4 0.3250 71 175
186 SPARROW ~ 1.3650  66.4 0.3160 6/1 175
187 SQUAB 01515  605.0 0.9660 2617 745
188 SQUAB/SSAC  0.1471  605.0 0.9660 2617 770
189 STARLING 01279 7155 1.0510 2617 835
190  STARLING/SSAC 0.1245 7155 1.0510 2617 855

* Resistance in ohms/mile, area in cmils, diameter in inches, ampacity in A

Figure A.20 Conductor library
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g
()
()
()
O
g
()
()
@

67.8 feet

GA. Power H-Frame WoodPole TOWER

Program WinIGS-F - Form LBE_003

Figure A.21 Tower library
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The power flow solution reports for different wind system configurations discussed in
chapter 5 are shown in figures A.22, A.23, A.24, and A.25. The solution report shows the
total power generation, load power and the total power loss in MW. The maximum and

minimum PU voltages are also one of the outputs.

Power Flow Solution Report

51.1926 23.3682

50.0000 16.1709
1.1925 7.1973

1.0014 WTS-5_A
0.9560 BUS16_B

4.5318e-010 104D00006_01
Transformer (2-Winding, 3-Phase) Bus WTSXFL-2

Program WinIGS-F - Form PWR_FLOW_SOL

Figure A.22 Power flow solution report for wind system configuration 1 (60 Hz

transmission)
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Power Flow Solution Report

53.8197 18.6558

50.0037 16.0907
0.0405 -0.0858

1.0073 BUS16_B
0.9981 WTS-9_C

3.5589e-007 104D00006_01
Transformer (2-Winding, 3-Phase) Bus WTSXFL-2

Program WinIGS-F - Form PWR_FLOW_SOL

Figure A.23 Power flow solution report for wind system configuration 1 (20 Hz

transmission)

61



Power Flow Solution Report

51.2487 22.1090

50.0000 14.9256
1.2488 7.1834

1.0018 WTS-7_A
0.9591 BUS17 B

4.1402e-010 104D00007_01
36 MVA, 25/115 kV Transformer Bus BUS14

Program WinIGS-F - Form PWR_FLOW_SOL

Figure A.24 Power flow solution report for wind system configuration 4 (60 Hz

transmission)
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Power Flow Solution Report

53.7843 20.4007
50.0000 14.9078
0.3395 0.5163

YES

1.0089 BUS17_B
0.9860 BUS18_B

7.5437e-010 104D00007_01
36 MVA, 25/115 kV Transformer Bus BUS14

Program WinIGS-F - Form PWR_FLOW_SOL

Figure A.25 Power flow solution report for wind system configuration 8 (20 Hz

transmission)
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