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Abstract

This report is about the design of High Voltage Transmission Lines (TL); it is divided mainly into 4 parts.  The first part contains an introduction about TL in general and a brief history of both AC and DC TL.

The second part will discuss the technical consideration for designing an AC TL starting from sending or receiving end and discussing the calculations involved.  It contains the methods used to calculate the Geometric Mean Distance GMD and Geometric Mean Radius (GMR) for single or bundled conductors.  It also discusses finding the TL ABCD parameters and their uses.

The third part is about designing a DC TL, DC design and calculations are carried out a lot easier than the AC for many reasons.  This section discusses the technical issues for DC design such as 6pulse and 12pulse configurations, converter Transformer (TRF), Thyristors, Valves, line commutation, etc.

The fourth part is an economical study of both designs; it involves finding the breakeven distance and item cost comparison.

Introduction:

Since many generation sites are far away from cities (pollution or distant power sources) a link had to be established between load centers and power plants.  As the Power industry progresses new means to operate at maximum efficiency and at big markets require the use of power transmission, which is the means to transport and sell the electrical energy.

Alternating current (AC) has dominated the power transmission systems for a long time because of its initial lower cost and easier to build hardware.  The old AC rectification systems to produce DC were exceptionally complicated and not easy to maintain and it could not reach as high voltage levels as AC without constant monitoring.  However as time passed and as more research in the AC rectification area is introduced, costs and complexity dropped a long way causing the DC transmission to become an economically attractive solution in many situations.

The main issue when deciding to design with AC or DC is economical not lower resistance or possibility, it is always possible to have an AC line with the same resistance as a DC line however at much higher costs.  The AC transmission tower is a huge structure, it is a structure capable of carrying single (3) or double (6) circuit conductors plus line insulation, shield wires, etc. but still AC needs nothing more than a TRF on each end to raise or lower voltage to required levels.  

On the other hand DC towers are much smaller and cheaper than AC, bi-polar has 2 conductors only compared to 6 conductors in the case of double circuit AC.  Also DC does not require synchronization with the network, gives complete control over flow and does not contribute to short circuit currents reducing fault currents.  In other words DC offers reliable and strong network stability solution.

As mentioned above AC requires simple & cheap terminals on both ends while DC requires complex & expensive stations on both ends.  On the other hand an AC tower as about twice as much as a DC tower with the same power and voltage levels.  In other words as the line length increases, more towers are needed and thus the AC costs starts to climb at twice as fast as DC.  The point at which the costs of AC and DC lines become the same is called the break-even distance, after which the DC costs are always cheaper than AC.  Usually this point is at 500-700km depending on the type equipments specifications and prices.

Part 1

AC Transmission Line Design

1.1 Introduction:


To design a transmission line in general one must know what are the limits for this design.  To start the design the following information are needed:

1. Power.

2. Line Length.

3. Voltage (best be chosen based on the most economical voltage levels).

4. Power Factor.

5. Limitation to number of lines or their sizes.

More information and DATA will be dealt with as the design starts but they are mostly dependant on the mentioned values.

1.2 Line Values


Line Values include Impedance, admittance, surge impedance and propagation constants.  They are defined and found as follows:

1. Impedance: consists of the real resistance plus the inductive reactance of the line.  The inductive reactance is a function of the inductance of the line, which varies depending on the GMR and GMD.  The inductance as a function of the GMR and GMD is:

L a = 2 * 10-7 * lin (GMD/GMR)
………………………………………1.1

And inductive reactance is:

Xa = 2 * pi * frequency * La
……………………………………………….1.2

2. Admittance: capacitance of the line varies as the outside diameter of the conductor and the GMD varies, it is found as follows:

Ca = 2 * pi * epsilon / lin (GMD / d)
………………………………………1.3

Ya = j * 2 * pi * frequency * Ca
………………………………………1.4

3. Surge Impedance (Zsurge): calculated as follows:

Zsurge = SQRT (Z / Y)
………………………………………………………1.5

4. Propagation Constant (ProC): calculated as follows

ProC = SQRT (Z*Y)
………………………………………………………1.6

1.2 Transmission Line Models:


Line models represent the values of the line in the electric circuit; they differ as the length of the line increases from short to medium to long models as follows:

1. Less than or equal to 80kM uses the short model

2. Between 80kM and 250kM is the medium model.

3. More than or equal to 250kM is the long model.




Whereas: 

1. Vs is the Sending End Voltage.

2. Vr is the receiving End Voltage.

3. I is the Line current.

4. Is is the sending end current

5. Ir is the receiving end current.

6. Y is the line admittance.

After having decided which model is to be used the next step is to determine the line parameters to be used.

1.2.1 The Short Model


The short model is used for distances less than 80kM; it is the simplest and most easy to use of the three models.  By looking at the model in figure 1.1 it is obvious that the sending end current is the same as the receiving end current and thus it is a simple calculation as follows:


Vs = I * Z + Vr
………………………………………………………1.7

1.2.2 The Medium Model


The medium model is used for distance between 80kM and 250kM, referring to figure 1.1 one can see that the line is represented by a 2-port network.  Using the short model for medium line lengths is possible however it does not take into account the line admittance, which is considerable, and this will introduce higher inaccuracy.  The network’s ABCD parameters are found as following:

A = (Z * Y / 2) + 1
………………………………………………………1.8

B = Z 


………………………………………………………1.9

C = (Y * ((Z * Y / 4) + 1))
……………………………………………1.10

D = A 

……………………………………………………………1.10


After that finding the sending or receiving end values becomes easy using the following relations:


Vs = A * Vr + B * Ir
……………………………………………………1.11


Is = C * Vr + D * Ir
……………………………………………………1.12

1.2.3 The Long Model


The long model is used for distances higher than 250km; it is used because the medium model is developed using a lot of assumptions valid only for medium lengths.  Looking at figure 1.1 shows again that it is a 2-port network with ABCD parameters as follows:


A = Cosh (ProC * length)
……………………………………………1.13


B = Zsurge * Sinh (ProC * Length)
……………………………………1.14


C = (1/ Zsurge) *Sinh (ProC * Length)
……………………………………1.15


D = A
……………………………………………………………………1.16

Whereas Cosh is the cosine hyperbolic function, ProC is the propagation constant of the line and Zsurge is the surge impedance of the line.  After that using equations 1.11 and 1.12 will yield the required values.

1.2.4 Line Performance Values

After having found the sending or the receiving end values as needed it is useful to find certain values showing the line performance such as:

1. Voltage Regulation (VR): a measure of how much the voltage will change as the load varies, it is important that it is maintained within a maximum of 10%.  If it is higher than 10% it is recommended to use series or shunt compensation to maintain it within acceptable levels.  It is calculated as follows:

VR = (Vr (full Load) – Vr (no load)) / Vr (no Load)
……………………………1.17

2. Efficiency: is the efficiency of power transfer of the line.  It is found as follows:

Efficiency = (Pr / Ps) * 100
……………………………………………1.18

Whereas Pr is the received Power and Ps is the sent power.

3. Voltage Drop (VD): is a measure of how much of the voltage was dropped across the line, however it can be misleading especially in the case of Long models.  It is found as follows:

VD = ((Vs – Vr) / Vs) * 100
…………………………………………….1.19

1.2.5 PLL, Voltage Level and Number of Lines:

After having decided on the voltage level and calculated the surge impedance it is time to decide on the number of transmission lines needed to transmit the total power.  To decide how many lines are needed one must decide on the how much power is to be transferred per line.  The short transmission line is only limited by the thermal capabilities of it conductors.  However, Theoretical Steady State Stability Limit (TSSSL) limits the medium and long models.  TSSSL is defined as the power loading based on an angular displacement of 90o across the line, however practical load-ability is not based on TSSSL because a line at TSSSL might drop sharply to any of the two sides of the load-ability curve (figure 1.2) for any instability of the line or for the changing of the load.  Therefore Practical Line Load-ability (PLL) of the line is based on 5% voltage drop and (35-40o) angular-displacement (AD).  PLL is calculated as follows:

PLL = (Vs*Vs*0.95 /Z)*cos(Qz-AD) – A*(Vs*0.95)2*cos(Qz-QA)
……1.20





Whereas Vs is the sending end voltage, Z is the impedance, Qz is the impedance angle, A is the parameter A of the line and QA is the angle of the parameter A.

Having found the PLL of each line, find the number of lines needed by dividing the total power by the PLL.  It is recommended to use double circuit towers to ensure full utilization of the Right of Way (ROW), which is the land on which the line can pass.

1.2.6 Insulation, Minimum Clearance, Sag and Tension:


Insulation design criteria of a TL depend on the voltage level, if the voltage is lower than 230kV the design is based on 4 times the lighting voltage.  If the voltage is 230kV or more it is based on 2 times the switching surge level.


The standard unit used for insulation can withstand up to 150kV if it is clean however implementing insulation based on the clean capabilities will cause the line to have many problems.  This is because when the insulation unit is dirty its insulation will decrease to 15-20kV, which is extremely low compared to the 150kV number.  And hence to find the number of units needed to insulate for the string divide the criteria voltage (4 times lightning or 2 times switching) by the polluted test result voltage.


The standard unit is about 16cm long and hence the total length is found by multiplying the number of units by 16cm.  1 cm of air can insulate about 30kV in good conditions however under severe environmental conditions this value drops to less than 20kV.  The minimum clearance from phase to phase is typically 6-9m at 345kV and less, higher than 345kV is about 9-11kV.


Sag is how free the cable is to swing under the effect wind (figure# 1.3), to calculate the Sag certain entries and starting values must be entered.  The entries are the weight per unit length, the span, and the ultimate strength of the conductor.  To calculate the Sag the following equation is used:

Sag = W * L2 /8To
……………………………………………………………1.21

Sag at point X from the enter of line = Sag * (1 –  4 * x2 / span2)
……………1.22


Whereas W is the weight per unit length, L is the span, To is the ultimate strength of the conductor.


The tension is the mechanical force needed on the towers, it is calculated as follows:

TA = TB = To + W * Sag
……………………………………………………1.23



Ice and winds add more to the weight of the conductor, to compensate for their effect, the weight per unit length is recalculated using the following equation:

W = SQRT ((W + Wi )2 + Ww2)
……………………………………1.24


Whereas Wi is the weight of ice and is calculated knowing the radius of the ice layer as follows:


Wi = 1.24* I *  (2 * r + I )
……………………………………………1.25

Whereas I is the radius of the ice layer and r is the radius of the conductor.  Ww is found from knowing the wind speed and usually decided upon knowing if it is severe or low.  For example for sever wind condition the Ww is = 0.9 lb/ft.

After having calculated the new W substitute it in the sage equation number 1.21 to get the new Sag value.


Finding the Tower height now is easy, start with the minimum phase to ground clearance, add to it the sage and the result is the height of the first circuit.  Knowing the height of the first circuit simply add to it the minimum clearance from phase to phase and the sag again to get the height of the second circuit (if employing double circuit).  The width of the tower is primarily based on the phase-to-phase clearance.

Part 2

Design of a 700kM Long AC Transmission Line to Transmit 2GW at 500kV

2.1 Procedure:


Through this part, the report will simply follow the procedures explained in the first part.

2.1.1 Deciding On The Number Of Lines And Power Levels:


The surge impedance for a 500kV TL is usually at 250 ohms, thus the PLL = 700MW, number of lines = 2.8 or 3.  It will be a good idea to add an extra line to ensure higher availability of the line in case of an outage or maintenance works.  Therefore the design will be 4 lines (using 2 double circuit lines at 600MW each will increase ROW utilization and decrease over-loading).

2.1.2 Line Parameters Calculations:

Length = 700kM

GMD = 12.7 m (at 10m distance between phases)

Conductor is ACSR 795000, 26, 7 Approx CCC=900A

2 conductors per bundle

Bundle spacing=0.47m

Ra = 28.175 ohms

La = 1.03*10-6

Xa=272.03

Ca=1.1*10-11

Ya=2.9*10-3

SIL=815MW

Sending End:  Voltage=500kV, Angle=30



Current=770A, Angle=25.84 (Per Circuit)



PF=0.9 leading

Real Power=1200 MW (per Line)

S=1333.33 MVA

Receiving End: Voltage=511.2kV, Angle=-3.203*10-3



  Current= 660.17A, Angle=-48.7 (Per Circuit)

  

  PF=0.96



  Real Power=1126MW (Per Line)



  S=1172.92 MVA

Efficiency=93.83%

Voltage Regulation=55.07%


The voltage regulation is very high however it is expected for this line, series and shunt line compensation techniques should be used to maintain this line within acceptable levels.










2.1.3 Insulation:

The area through which the line will pass has varying environmental conditions.  It will be better to consider the polluted test results of the insulator since the clean test may be misleading.

A withstand voltage of 30kV per unit will be considered.

This line is higher than 230kV and thus, the insulation design criteria will depend on the switching surge.  Assuming that the surge will be as much as 2 times the power frequency=1MV.

The number of insulator units per string=1MV/30kV=33.3=34 units.

The use of two conductors per bundle means more mechanical strain on the insulator string; it will be a good idea to use two strings per phase to reduce the overall weight on each string.

The standard type of each unit of insulation has a distance of 0.146m between adjacent units centers.  Air is supposed to withstand up to 20kV/cm, however under bad environmental conditions this will decrease to 14kV/cm or less, (however this is far more than needed as seen next).  Thus to withstand 1MV the minimum distance must be 71.42cm.  The insulator string is at least 5m long, which means a very long path of air for a breakdown.  The minimum clearance from phase to phase is determined by the insulator string length, and probability of air breakdown.  Here the min phase-phase is considered at least 9m (mostly affected by the angle of the string).  The minimum clearance to ground depends on the Electric field strength and the ability of someone to reach the conductor, recommending a distance of 12 m from the lowest sag point.

This is a horizontal double circuit line; two shield wires are needed to cover for as much as possible from lightning strikes.

2.1.4 Surge arrestors

Surge Arrestors are going to add little to the cost, however they will increase the availability of the line in a good way.  The surge arrestors should be capable of withstanding 1MV without taking action since the insulation is supposed to withstand that much without breaking.  The arrestor should take action in the case of 1.3MV surge (adding 300kV is under the assumption that the insulator breakdown strength did not go down to 30kV continuous monitoring is advised here as well).

The highest arrestor found on the Internet is 800kV from ABB, checking for available ratings is needed.  A good way to save money on the surge arrestors, especially in KSA since thunderstorms are very rare, is to use arrestors on the beginning, 1/3, 2/3 and the end of the line.  At those points it is recommended to improve the tower footing resistance for optimum performance, the arrestors are going to help reduce the possibilities for loosing entire strings of insulators.

2.1.5 Stock Bridge Dampers (SBD):


SBD will help reduce undesirable oscillation of the line; the line is passing through a lot of regions in the kingdom and is subject to varying wind levels.  The design here will employ 12 SBD per tower on every tower in the middle section of the line (150-550kM) and 12 SBD every one towers for the first section (0-150kM) and last section (550-700kM).  This is because the wind effect for the middle section of the line is in open desert areas, which promote stronger wind effects.

2.1.6 Protection Relays:

Over-current relays are needed for the TRF protection, assuming an over-load of 30% in any direction.

Over-Load=1.3 of total Power=1.3*700MVA=910MVA

Over-Load current on the 380kV side=1.382kA

Over-Load current on the 500kV side=1.051kA

CT ration on 380 side= 1400:5

CT ration on 500 side= 1100:5

The current in the secondary of the 380 CT=4.9357A

The current in the secondary of the 500 CT=4.7773A

To reduce the mismatch the CT taps are set to 4.9 for the 380 and 4.8 for the 500.  Thus the current in the first is 1.00728A, the current in the second is 0.99527A.  Thus the current is the relay is 0.01201 or 1.2%.  Assuming a TRF tap changer of           –5% to +5%, assuming a relay error of 10% and a safety margin of 3% the total is 19.2%.  It is therefore reasonable to select a differential slope of 20% for the relay.  A pickup of 25% will do the job so on the 380kV side the pickup is 68.6A (a fault on the 380 side generating currents lower than 68.6 in the CT secondary will not be detectable).  For the 500kV side the pickup is 52.8 again lower currents on the CT secondary will not trip this relay.

The only problem with this Design is the high Voltage regulation at 51.74% this means that the voltage will undertake drastic changes as the load varies, shunt and series reactive compensation will help increase loading and keeping the voltage levels within the acceptable regions.  The use of Static Var Compensation (SVC) will help a great deal in this situation since it will dynamically change from absorbing to supplying reactive power as needed.

2.1.7 Sag, Tension, and Tower Dimensions:

W = 3606.25lb /kM

Span = 200 M

No Ice effect in KSA

Ww=0.5625 lb/kM

W= 3606.25 lb/kM

To= 31200 lb, at a safety factor of 3

Sag = 7m

Tension = 31222.4 lb

Lower circuit of a tower is at a height of 13 + 7 =20m.

Upper circuit of a tower is at a height of 20 + 12 =32m.

Ground wires are at 35m heights.

The minimum clearance from phase-to-phase is 12 m therefore it is safe to assume that the tower is 25-30m wide.  Following diagrams (2.2, 2,3) are showing the towers configurations and dimensions.


















Part 3

DC Transmission Line Design

3.1 Introduction:


The question that should first jump to mind is why DC?  Why change the currently used and well-adopted methods of AC and employ DC?  The answers are simply pure economics.  A DC line of the same voltage can carry as much AC with smaller towers, less conductors, higher stability, complete control over power flow and many other advantages.  So why was not DC used from the start then?  The major drawback with DC is the converting station, which handles the rectification of AC into DC.  With that still DC has been used for a long time for some purposes such as:

1. Connecting Asynchronous systems.

2. Underwater cables.

As more research, developments and improvements are invested in the DC subject better, cheaper and more efficient equipment and designs are achieved.  So when does DC become more economic than AC?  The answer is simple, but it requires careful assessment of the problem and results.  This part is about the technical design of the DC line.

3.2 The Converting Station


The heart of the DC transmission line is the converting station.  To deliver the maximum power, smallest ripple and harmonic free direct current every aspect of the station is to be carefully studied and designed.  A DC station consists mainly of:

1. The converting TRF.

2. The thyristors or power diodes valve.

3. The filtering section.

3.2.1 The Converting TRF


The converting TRF main job is to change the AC voltage to the required DC voltage.  The converting TRF is a three phase TRF or 3 single-phase TRF connected in a 3-phase Y or Delta arrangement.  Using single phase TRF helps maintenance and inspection routines of the station.  The TRF is either 2-windings or 3-windings depending on the converting configuration which can be either a 6-pulse or 12-pulse.  For a 6-pulse configuration the converting TRF is a 2-windings TRF while for the 12-pulse configuration it is a 3-windings TRF.  The most important part about the converting TRF is ensure it can handle the voltage and power ratings and have room for over-loading whenever necessary.

3.2.2 The Valve Group


The Valve group or arm houses the thyristor modules, which in turn houses the thyristors.  The 6-pulse configuration employs 6 thyristor modules whereas the 12-pulse consists of 12 thyristor modules hence the name.  The 6-pulse configuration has a lower performance than the 12-pulse and has more harmonics and thus the main used configuration is the 12-pulse.  A thyristor valve consists of 4 thyristor modules housing any number of thyristors depending on their rating and the required voltage level.  For example a 400kV DC line voltage with thyristors of rating 2kV requires 200 thyristor units.  This means that each module will house 50 thyristors of the specified rating and thus the valve will deliver the needed voltage.  Rectification and inversion happens in the same configuration, if AC flows in its rectification while if DC flows in its inversion.

3.2.3 The Filtering Section


Using the 12-pulse configuration will cancel the AC side 5th and 7th current harmonics and the DC side 6th voltage harmonic thus saving a lot in the filters.  The harmonic content of the 12-pulse configuration is of the order 12n +/- 1.  Usually the AC Filters are tuned to the 11th, 13th, 23rd and 25th harmonics, these filters can be switched with switchgears and circuit breakers to allow them to supply reactive power as needed.  In some cases a resonance is established between the capacitance of the AC filters and the inductance of the AC system.  In the case of a lightly damped system this resonance may cause 2nd and 4th order harmonics and thus AC respective filters are required.  

6-pulse configuration generates DC side harmonics of the order 6n, while a 12-pulse configuration generates DC side harmonics of the order 12n.  DC reactors are added to each pole of the converting Substation resulting in smoother ripples and less harmonics, they also make the commutation process more robust by limiting the change in current, this will prevent a discontinues mode from appearing in case of light loading.

Following Diagrams (3.1, 3.2) will show how the 6th and 12th pulse configuration is connected:



3.3 Line Commutation


Line commutation is the process by which the AC is converted into DC.  When a valve receives its firing pulse or signal and its forward bias voltage is higher than the line’s voltage it starts to conduct as the prior valve’s current starts to fall to zero.  With this process the DC line voltage is the same as that of the AC line voltage applied.  A thyristor valve will conduct current in one direction and will only stop conduction if it is reverse biased and its current falls to zero.  In other words Line commutation is the process of transferring current from one valve to the other with both valve simultaneously carrying current.  The sum of all valve currents is the direct current of the line.

Part 4

Design of a 700km Long DC Transmission Line to Transmit 2GW at 400kV

4.1 Procedure


This part of the report will simply employ the procedures in the 3rd part to design a 400kV, 700kM and 2GW TL.

4.1.1 Entering the Converting Station:

Entering Power=2000MW

Entering Voltage=380kV

Entering PF=0.9

Entering Current=3380A

A Bipolar design will allow operation in case of a pole outage, and thus it is employed here.  The current will enter in 4 conductors (to allow for lower Currents on each conductor) of the type ACSR 874500, 54, 7, which has a CCC of 950A.  Each 2 conductors will come to a H.V bus bar (BB) at 380kV and 1200MVA.  From each BB a conductor with CCC of at least 1900A (this is a little too high for the ACSR conductor table present in the sources, and thus bundling or copper conductors might provide a solution to this problem) will go toward the converting TRF.  Conductors of the same type ACSR 874500, 54,7 are bundled again between the bus bars and the two converters TRF.

4.1.2 The Converter TRF

The Converter TRF must be of 380kV/400kV, 1200MVA and three windings to supply power to the 12pulse converter valves.  The Secondary windings of the converter should be in Y and Delta configuration respectively (this eliminates the 5th and 7th AC harmonic currents, and the 6th DC harmonic voltage reducing the costs of filtering).

4.1.3 The Thyristor Valves

The design employs Light Triggered Thyristors (LTT), which results in better performance and big savings in the equipment sizes (ETT is about 10 times as big as is a LTT).  No specific Rating for the thyristors was found (there are assembled and ready to operate valves and thus the number and rating of thyristors is calculated as follows):

Total DC Voltage is 400kV

1. Each valve is 400kV

2. To have 100 LTT per valve (25 LTT per valve module) the LTT is at 4kV.

3. For the 1200MVA loading each valve should be capable of withstanding 866A (because of the 12-pulse mode).



















4.1.4 Insulation:

The area through which the line will pass has varying environmental conditions.  It will be better to consider the polluted test results of the insulator since the clean test may be misleading.

A withstand voltage of 30kV per unit will be considered.

This line is higher than 230kV and thus, the insulation design criteria will depend on the switching surge.  Assuming that the surge will be as much as 2 times the power frequency=800kV.

The number of insulator units per string=800kV/30kV=26.67=27 units.

The use of three conductors per bundle means more mechanical strain on the insulator string; it will be a good idea to use two strings per phase to reduce the overall weight on each string.

The standard type of each unit of insulation has a distance of 0.146m between adjacent units centers.  Air is supposed to withstand up to 20kV/cm, however under bad environmental conditions this will decrease to 14kV/cm or less, (however this is far more than needed as seen next).  Thus to withstand 1MV the minimum distance must be 71.42cm.  The insulator string is at least 3.942m long, which means a very long path of air for a breakdown.  The minimum clearance from phase to phase is determined by the insulator string length, and probability of air breakdown.  Here the min phase-phase is considered at least 9m (mostly affected by the angle of the string).  The minimum clearance to ground depends on the Electric field strength and the ability of someone to reach the conductor, recommending a distance of 12 m from the lowest sag point.

This is a horizontal Bi-Polar line; a shield wire is needed to cover for as much as possible from lightning strikes.

4.1.5 Surge arrestors

The surge arrestors should be capable of withstanding 800kV without taking action since the insulation is supposed to withstand that much without breaking.  The arrestor should take action in the case of 1MV surge (adding 200kV is under the assumption that the insulator breakdown strength did not go down to 30kV continuous monitoring is advised here as well).

A good way to save money on the surge arrestors, especially in KSA since thunderstorms are very rare, is to use arrestors on the beginning, 1/3, 2/3 and the end of the line.  At those points it is recommended to improve the tower footing resistance for optimum performance, the arrestors are going to help reduce the possibilities for loosing entire strings of insulators.

4.1.6 Stock Bridge Dampers (SBD):


The design here will employ 2 SBD per tower on every tower in the middle section of the line (150-550kM) and 2 SBD every one towers for the first section (0-150kM) and last section (550-700kM).  This is because the wind effect for the middle section of the line is in open desert areas, which promote stronger wind effects.

4.1.7 Protection Relays:

Over-current relays are needed for the TRF protection, assuming an over-load of 30% in any direction.

Over-Load=1.3 of total Power=1.3*1200MVA=1560MVA

Over-Load current on the 380kV side=2370.2A

Over-Load current on the 400kV side=1125.833A

CT ration on 380kV side= 2400:5

CT ration on 400kV side= 1200:5

The current in the secondary of the 380kV CT=4.9379A

The current in the secondary of the 400kV CT=4.69097A

To reduce the mismatch the CT taps are set to 4.9 for the 380kV and 4.7 for the 400kV.  Thus the current in the first is 1.007735A, the current in the second is 0.99808A.  Therefore the current is the relay is 0.009655 or 0.9655%.  Assuming a TRF tap changer of –5% to +5%, assuming a relay error of 10% and a safety margin of 3% the total is 18.9655%.  It is therefore reasonable to select a differential slope of 20% for the relay.  A pickup of 25% will do the job so on the 380kV side the pickup is 115.2A (a fault on the 380 side generating currents lower than 115.2A in the CT secondary will not be detectable).  For the 400kV side the pickup is 56.4A again lower currents on the CT secondary will not trip this relay.  

The converting TRF is very close to the Converting Valve and it is safe to assume a fault will not happen between them; therefore the valves are protected by the protection relays of the TRF.

4.1.8 Results:

Voltage on the receiving End = 352.75kV

Power on the receiving End = 970.08

Voltage Regulation = 13%

Voltage Drop = 11%

Efficiency = 88.5%

This Design may seem to have lower performance when compare to the AC, however it should be kept in mind that this design is at 400kV, which is far lower than the AC design.  A 500kV DC design will have:

1. 8.2% Voltage Regulation.

2. 7.5% Voltage Drop.

3. 93% efficiency.

4.1.8 Sag, Tension, and Tower Dimensions:

W = 3712.5lb /kM

Span = 200 M

No Ice effect in KSA

Ww=0.5625 lb/kM

To= 31400 lb, at a safety factor of 3

Sag = 8.94m

Tension = 31433.82

Height of poles above ground is 13 + 8.9 =21.9m.

Ground wires are at 25m heights.

The minimum clearance between poles is 12 m therefore it is safe to assume that the tower is 15-20m wide.  Following diagrams (4.4, 4.5) are showing the towers configurations and dimensions.







Part 5

Economic Comparison & Conclusion

5.1 Economic Comparison


As mentioned in the introduction of Part 3, the main reason for studying and working with direct current is pure economics.  AC transmission has been in service for a very long time, however as man’s dependency on electronic solutions is going up so will his demand for more power.  This means that the once simple and small electrical networks can no longer support the increasing needs of humanity; bigger stronger and more stable networks are needed.

With the increasing size of the electrical networks more problems arise, fault current contribution, asynchronous networks, synchronizing entering networks, power flow control, expensive TL, Long Distances.  These problems are facing AC networks in an ever-increasing fashion, true more problems are solved than appeared, however those solution are coming at more expenses.

The purpose of this part is not to say that AC is old fashioned or gone, on the contrary, AC still provides solutions for Power transmission problems.  However AC is facing a big problem when it comes to long transmission or connecting networks, this problem caused DC to appear as the hero for the world’s growing interest in trading energy and utilizing resources to the fullest.  The big Question here is when is DC better (more economic) than AC?

The following Parts will discuss the economics of the two lines designed earlier to help see how this is looked at.

5.1.1 AC and DC Line Cost Study


The AC line designed in part 2 has a lot of components; following is a legend for how their prices are assumed:

Transformer with rating > 500MVA, every 1MVA = 150$

AC Tower of 200m span, one tower = 80,000$

AC Conductors, 1 m of AC conductor = 80$


Those were the major money drains in the AC line, following is the DC line cost assessment legend:

DC Converting Station, 1 station = 10,000,000$

DC Tower of 200m span, one tower = 45,000$

DC Conductors, 1m of DC conductors = 160$


Those legends are not exactly accurate but obtaining equipment prices (especially custom equipment) is difficult.  To find the point on which DC is more Economic than AC (Brake-Even Distance) one must calculate the costs at each point of distance until the needed point is found.  The costs for the AC design went up to:

1. 98,644,000 $.

2. 91,040,000 $.

The cost study here is not exactly accurate however it provides an assessment of how much the costs can climb.  The following table shows the components used and the assumed prices:

	Equipment
	Number
	Per unit price

	TRF 380/500kV 700MVA
	8
	105,000

	AC Tower 200m Span
	3,500
	80,000

	AC Conductors
	12/m
	80

	
	
	

	Converter Station
	2
	10,000,000

	DC Tower 200m Span
	3,500
	50,000

	DC Conductors
	4/m
	160


Table 5.1 Item Quantity and Assumed Prices

As what can be seen from the table above this study is lacking a lot of precision, but it serves the purpose of showing how the distance affects the economy of both choices AC and DC.  Based on the table the brake-even distance is at 140kM, which is not sensible, it is usually in the range of 500-600kM.

5.2 Conclusion


Working on this Project shed a great light on the Power transmission issues and considerations.  It helps one to see what is really done with each item, how is it chosen, why is it chosen, and when is it better to change the item choice.  All of these issues are dealt with in one word, Costs, everything is done to provide the best possible service, easy maintainability and most importantly lowest costs.


From my personal point of view, I believe that DC will dominate the transmission future, and that is for a lot of reasons.  The world is marching toward trading energy, more distant energy sources are located everywhere, the ever-growing power demand all of those reasons are calling for bigger and bigger networks, while building bigger AC networks is possible it looses the economic edge it has over DC and maintain a long list of problems.


On the other hand DC offers solution to most of the AC problems and gives more advantages such as asynchronous networks tie, no contribution to fault currents, etc. the one problem facing DC, which is cost is becoming the AC problem and as more developments are going into the DC field prices are expected to go down and performance up.  One major advance in the field of DC is the Light Triggered Thyristors (LTT), this device is 1/10 the size of the Electronic Triggered Thyristor, requires less maintenance and has better performance.  The development of the LTT has helped greatly in reducing the costs, size and complexity of DC stations.


The repetitive work and calculations done on this report would have been tedious if not for the gadget developed to help doing it.  I tried to incorporate everything needed for calculating almost any TL parameter in it and it was a great help learning a new and non-technical programming language (Visual Basic) and it provided easy to use interface and results display to aid in correcting and seeing the results of each correction.
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Figure 1.1 Transmission Line models
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Figure 1.2 TSSSL of a TL
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Figure 1.3 Sag





500kV, 670MVA, current at 780A, ACSR 795000,26,7 does the job.  Either use 2 conductors per bundle or conductors with higher current carrying capacity, the choice here is bundling.





Circuit#1 of the first Tower





After TRF:


V=500kV


Current=780A


P=605MW


PF=0.9


S=670MVA





Assuming 40m distance





TRF 380/500kV, 700MVA





Assuming 20m distance





 Entering Conductors must be at 380kV, 670MVA and 1020A, choices are ACSR 1033500,54,7 & 954000,54,7





After 20m of ACSR 1033500,54,7:


Drops and losses are negligible.





After 40m of ACSR 795000,26,7:


Drops and losses negligible





Circuit #1 of the first Tower





Circuit #1 of the Last Tower





Line is 700kM long, 2 conductors per bundle, ACSR 795000,26,7.  Ra=28.175 ohms, Xa=272.033, Ya=0.0029068.  SIL= 815.1MW, Vs=500kV, Is=773.65, Ps=603MW.  Vr=512.47kV, angle=-0.05, Ir=660.7A, PFr=0.9646, Pr=565.5MW.  Efficiency=93.8%, Voltage Regulation=54.7%, TSSSL=908.662MW, PLL=618.16MW.





500kV, 670MVA, current at 780A, ACSR 795000,26,7 does the job.  Either use 2 conductors per bundle or conductors with higher current carrying capacity, the choice here is bundling.





Circuit #1 of the Last Tower





TRF 380/500kV, 700MVA





After Exiting Conductors ACSR 1033500, 54,7 assumed to be 20m long:


Drops and losses are negligible








After 40m of 2 cond/bundle of ACSR 795000, 26, 7:


Drops and losses negligible





After TRF:


V=389.47kV


I=868.98A


PF=0.9646


P=565.5MW


S=586.2MVA





Figure 2.1 AC Single Circuit Progress From The Entering To Exiting Points





Figure 2.2 Diagram of AC the Line
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Figure 2.3 Tower Dimensions





Must be enough to prevent flashing to tower
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Figure 3.1 6-pulse Configuration Connections





Mid-point DC bus arrestor
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Figure 3.2 12-pulse Configuration Connections





Y winding
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After 40m of ACSR 874500,54,7:


Drops and losses negligible





3p ACSR 874500,54,7 2 bundles


CCC=950A/bund


V=380kV


S=1200MVA


I=1824A





Converter TRF:


V=380kV/400kV


S=1200MVA


3p 3 windings





After 20m of ACSR 874500, 54, 7cond.:


Drops negligible








3p ACSR 874500, 54, 7


2 bundles


CCC=950A/bund


V=380kV


S=600MVA


I=912A


PF=0.9 leading





Bus-Bar at: 380kV


1200MVA


2 conductors entering


1 conductor leaving.





Figure 4.1 Connections From the Interface to the Secondary of the converting TRF





Mid-point DC bus arrestor
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Y Side:


V=400kV


S=600MVA


I=866A


Conductors are ACSR 795000,26,7 CCC=900


Length 20 m drops & losses negligible





Delta Side:


V=400kV


S=600MVA


I=866A


Conductors are ACSR 795000,26,7 CCC=900


Length 20 m drops & losses negligible
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Figure 4.2 Connections From the Secondary of the converting TRF to The Valves





From the DC side of the converting Valve
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Transmission Line


ACSR 874500, 54, 7


3 bundles per pole


CCC per pole = 950A


Total I per pole = 2750A


R = 17.18 ohms


Span = 200 m








DC Filters





To the DC side of the converting Valve





V = 400kV DC


P = 1100MW


I = 2750








V = 352.75kV DC


P = 970.08MW


I = 2750








Figure 4.3 Connections From the DC side of the Converting Valves Through the TL to the DC side of the Converting valves
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Figure 4.5 DC Tower Dimensions
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Figure 4.4 Diagram of the DC Line
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