PAGE  
134

CHAPTER-1: INTRODUCTION

1.1 SERIES COMPENSATION

The generation and consumption of electrical energy has been increasing at a tremendous rate throughout the world during the past many decades resulting in increased complexity of power systems and increased need of transmitting greater and greater amounts of power over long distances in EHV and UHV voltage ranges. In this connection, one of the major problems associated is the stability problem with such complex systems that need detailed investigation considering different aspects.

Various measures have been used for improving the stability of the power systems. These include reducing the reactance of generators and transformers, increasing the number of parallel lines and sections, adoption of multiple conductor lines and series and shunt compensation etc. The use of series capacitors is finding increasing application in conjunction with EHV lines. Since the series capacitors offer an effective and economical means of improving stability limits and thus permit the lines to carry more power. In addition, series capacitors are highly valuable in other respects such as, for voltage regulation, reactive power balance, transmission loss reduction and load distribution etc. The amount of series capacitance used in long EHV lines is usually referred by the degree of series compensation defined by the ratio of capacitive reactance of the series capacitor to that total series line reactance. However, the net transfer impedance with series capacitor installation varies with not only the degree of series compensation but also depends upon its location along line and the line length.

 Besides the series compensation, shunt compensation is also provided on such lines due to their capability to compensate the capacitive generation effect of the line and provide an economical and technical means to control the voltage rise. Moreover, the series capacitor artificially reduces series reactance of the line so as to increase the system stability limit. When planning long distance transmission it is necessary to determine not only average degrees of compensation but also the most appropriate location of reactors and capacitor banks, the optimal compensation schemes and number of intermediate stations.

In view of the above-mentioned considerations, in the present work, a comparative study is done using PR(max) criterion for different schemes of series and shunt compensation for a 400kV line under consideration. The optimum value series compensation for each scheme is determined. The performance of various schemes various schemes is evaluated by deriving generalized expressions for maximum receiving end power in terms of generalized line constants. Capacitive reactance used receiving end and sending end voltage.

In India we have extensive transmission network with many long 220 kV lines in operation and in India a number of 400 kV lines have been added / are being added. Many super thermal power stations being connected to the system needs effective evaluation of power.  Series compensation scheme are suitably planned for new 400 kV lines and also for existing 220 kV and 400 kV net in operation. Since uncompensated network suffers from high reactive losses, poor voltage profiles and inadequate exploitation of power transfer capability, suitable series compensation at proper locations comes to a large extent to reduce the above deficiencies.  In fact series compensation is the ideal solution to increase the power transfer capability of the 400 kV long transmission lines and the increase can be nearly 100% by installing 40-45% compensation at an additional expenditure of only about 20%.  In view of these dominating advantages, series compensation is highly advisable for Indian condition.

1.1.1 SERIES COMPENSATION WITHOUT SHUNT (SVS) COMPENSATION 

Series compensation technique has been extensively used to derive maximum benefits from the long EHV and UHV lines.  This technology is widely accepted and actively considered during the planning of long distance EHV lines. Series compensation implies partial neutralization of the transmission line by a capacitor bank installed in series with the line.  Advantages derived are: -

1. Increase in the steady-state power transfer capability of a line

2. Reduction in the voltage drop and hence improvement in voltage regulation.

3. Improvement in voltage stability (voltage distribution) throughout the line.

4. Improvement in the system power factor.  

5. Better power distribution between parallel lines 

6. Reduction in system losses.

1.1.2 SERIES COMPENSATION WITH SHUNT (SVS) COMPENSATION
This type of series compensation consists of shunt capacitors, shunt reactors and series capacitors. The static shunt capacitors are installed near the load terminals in factory substations, in receiving end substation, in switching substations. Most of the industrial loads draw inductive currents of poor power factor. The shunt capacitor of the line generates lagging VARs to meet the reactive power demand of the consumers. The shunt capacitors are switched in when kVA demand on the distribution line goes up and voltage of the bus goes down. The switching in of the shunt capacitor should improve the bus bar voltage if the compensation is effective.

Shunt capacitors are mainly used for power factor improvement and voltage control. The shunt capacitor compensates the lagging VARs absorbed by the inductive loads. The shunt reactors improve the power factor and thereby reduce the total kVA demand. Hence,

QL = - (|V|2/XL) MVAR 

Losses through the line are reduced and voltage regulation is improved.

Shunt capacitors are used in ratings from 15 kVAR to over 100 MVAR. Small banks of capacitors, up to a few hundred kVAR are used on individual circuits. Capacitor bank of 500-3000 kVAR is used in small distribution substations and those with larger ratings are used in large substations. However for voltage regulation they have to be switched off and on as per the system demands. They have to be switched on at the time of peak loads and switched off at the time of light loads. The shunt-connected reactors are used to absorb the lagging VARs generated by the line during light load conditions. The inductor may be coreless or a gagged core type. The coreless type is linear and is used for the large ratings voltages (e.g. 100MVAR at 400kV). The gagged core type is designed to be linear up to a voltage of about 1.3 pu. It is also possible to use a tapped saturable reactor, which saturate at selected voltages within a range of ±10% of the system nominal voltage. When saturated, the VARs absorbed by the reactor change rapidly for small changes in voltage the static compensation equipment is often connected to the tertiary delta winding of the substation transformer.

Some capacitors are permanently connected and the remaining capacitors and inductors are provided with on load tap changing gear for the switching as when required.

If the capacitors are connected in star

                  IC = |V|/ (√3XC)    kV

                QC = (3|V|/ (√3XC)) (|V|/ XC)

                      = |V|2/XC     MVAR

where      V is the tertiary line voltage in kV, 

                XC is the capacitive reactance per phase and 

                QC is the lagging 3φ VARs generated by the capacitors

For star connected inductor 

                QL = |V|2/XL     MVAR

Where     QL is the leading 3φ VARs generated by the inductors and 

                XL is the inductive reactance per phase

The use of series capacitors, which are connected in series with line, is more recent than the use of shunt capacitors. They generate VARs proportional to the square of current in them. Their primary use is to reduce the series inductance of the line in order to raise the power limit and to improve the system stability. The ability of series capacitors to supply the reactive power of the loads is negligible whereas the contribution of shunt capacitor in this respect is very major. The difference results from the fact that the shunt capacitor actually supplies the reactive power requirement of the loads.

1.2 SHUNT COMPENSATION
It is recognized that the steady-state transmittable power can be increased and voltage profile along the line controlled by appropriate reactive shunt compensation. The objective of this reactive compensation is to change the natural electrical characteristics of the transmission line to make it more compatible with the prevailing load demand. Thus, shunt connected, fixed or mechanically switched reactors are applied to minimize line overvoltage under light load condition, and shunt connected, fixed or mechanically switched capacitors are applied to maintain voltage levels under heavy load conditions. Basic consideration is to increase the transmittable power by ideal shunt-connected var compensation to provide power electronics-based compensation and control techniques to meet specific compensation objectives. This requires improving the steady-state transmission characteristics as well as the stability of the system. Var compensation is used for voltage regulation 

- at the midpoint (or some intermediate) for line segment,

- at the end of (radial) line support to prevent voltage instability,  

- for improvement of transient stability and damp power oscillations and

- for power oscillation damping

The functional requirements of reactive shunt compensators used for increased power transmission, improved voltage and transient stability and power oscillation damping   are 

· The compensator must be in synchronous operation with the ac system at the compensated bus under all operating conditions including major disturbances. Also the compensator must be able to recapture synchronism immediately at fault clearing.

· The compensator must be able to regulate the bus voltage for voltage support and improved transient stability, control it for power oscillation damping and transient stability enhancement, on a priority basis as system conditions may require.

· For a transmission line connecting two systems, the best location for var compensation is in the middle, whereas for a radial feed to a load the best location is at the load end.

Capacitors generate and reactors (inductors) absorb reactive power when connected to an ac power source. They have been used with mechanical switches for (coarsely) controlled var generation and absorption of ac power transmission. Continuously variable var generation or absorption for dynamic system compensation was provided by over- or under- exited rotating synchronous machines and, later, by saturating reactors in conjunction with fixed capacitors.

In early 1970s high power, line-communicated thyristors in conjunction with capacitors and reactors were employed in various circuit configurations to produce variable reactive output. These in effect provide variable shunt impedance by synchronously switching shunt capacitors and/or reactors “in” and “out” of the network. Gate turn-off thyristors were used in switching converting circuits to generate and absorb reactive power without the use of ac capacitors or reactors as they perform as ideal synchronous compensators (condensers), in which the magnitude of the internally generated ac voltage is varied to control the var output. All these types of semiconductor power circuits are termed by the joint IEEE and CIGRE definition as static var generators (SVG). A static var compensator (SVC) is, by the IEEE CIGRE co-definition, a static var generator whose output is varied so as to maintain or control specific parameters (e.g., voltage, frequency) of the electric power system. The difference between static var generator and static var compensator is

· The static var generator is a self-sufficiently functioning device that draws controllable reactive current from an alternating power source.

· The static var compensator is a static var generator equipped with special external (or system) controls, which the necessary reference for its input, from the operating requirements and prevailing variables of the power system.

Modern static var generators are based on high-power semiconductor switching circuits which determine important operating characteristics, such as the applied voltage versus obtainable reactive output current, harmonic generation, loss versus var output, and attainable response time, setting limits for the achievable performance of the var generator and of the var compensator.

1.3 ADVANTAGES OF SERIES COMPENSATION
The use of series compensation leads to a number of advantages as regards power transfer capability system stability voltages regulation etc.

1.3.1 INCREASE IN TRANSMISSION CAPACITY

The power transfer PR1 over a line is given by

PR1 = |VS|| VR| sinδ                                                                                             (1.1)

          XL
where

                       VS = Sending end voltage

                       VR = Receiving end voltage

                         δ = Power angle

                      XL = Inductive reactance of the line

If a series capacitor having reactance XC is inserted the net series reactance becomes (XL – XC) and power transfer PR2 is given by

PR2 =   |VS||VR|  sin δ                                                                                         (2.2)

          (XL – XC)

From equations (1.1) and (1.2) it is seen that for the same magnitude of VS and VR, PR2 is higher than PR1. The increase in power is given by

PR2/PR1 = XL/ (XL - XC) = XL/ (XL (1 – XC/XL)) =1/ (1 – S)

Where ‘S’ is known as degree of series compensation.

1.3.2 IMPROVEMENT OF SYSTEM STABILITY
From equations (1.1) and (1.2) it is seen that for the same amount of power transfer and same values of |Vs| and |VR|, the phase angle δ in the case of series compensated is less than that for the uncompensated line. It is known that a lower angle δ means better system stability. Some other methods for improvement of system stability are also used. These include reducing the reactance of generators and transfers, use of bundle conductors and increasing the number of circuits in parallel series compensation generally offers the most economic solution with respect to both the steady state and transient stability.

1.3.3 LOAD DIVISION BETWEEN PARALLEL CIRCUITS
The reduction of series reactance by series compensation makes it useful tool to balance the loading in parallel circuits. When a system is to be strengthened by a addition of a new line or when one of the existing circuit is to be adjusted for parallel operation in order to achieve maximum power transfer and minimize losses, series compensation can be used to a great advantage. 
1.4 PROBLEMS ASSOCIATED WITH SERIES COMPENSATION

The use of series compensation introduces a few problems too. Some of these are:

1.4.1 SUBSYNSCHRONOUS RESONANCE
The series capacitor introduces a subsynchronous frequency (proportional to the square root of degree of series compensation) in the system. In some cases this frequency may interact with weak steam turbines generators shafts and give rise to high torsional stresses. In hydro-turbine generators the risk of subsynchronous resonance is small because the torsional frequencies are about 10Hz or even less.

1.4.2 FERRO-RESONANCE
When an unloaded or a lightly loaded is energized through a series of compensated line Ferro-resonance may occur. The frequency of oscillation is an integral multiple of the system frequency. Shunt resistors can suppress this across the capacitor or by short-circuiting the capacitor temporarily through an isolator or by pass breaker.
1.4.3 LINE PROTECTION
Series compensation can lead to maloperation of the distance relays of the line protection if the degree of series compensation and capacitor location is not proper.

1.4.4 HIGH RECOVERY VOLTAGE
Series capacitors can produce high recovery voltage across the circuit breaker contacts. 

1.5 ADVANTAGES OF SHUNT COMPENSATION
The shunt compensation equipment may consist of static compensation (using capacitors and reactance) or synchronous compensation. As compared to synchronous compensation the static compensation has the advantage of higher speed of response, absence of fault in feed to the system, greater reliability and lower maintenance (because there are no moving parts), lower cost  and simple erection. Because of these reasons static compensation is being increasingly preferred over the synchronous compensation. 

The most typical functions of static VAR systems can be summarized as under:

1.5.1 VOLTAGE SUPPORT ALONG THE LINE
The VARs generated by a line (i.e. ωCV2) equal the VARs consumed by the line(i.e. ωLI2) and net VARs are zero only when the load is equal to the natural load if the load is greater than natural load, net VARs are consumed by the line. For maintaining equal voltages at the two ends of the line, equal amount of VARs must be supplied at each end. If the load on the line is less than the natural load (during off peak conditions) net VARs are generated by the line. For maintaining voltages at the two ends those VARs must be absorbed by using shunt reactors at the two ends of the line.

1.5.2 IMPROVED STABILITY
The interconnected system consists of two or more areas connected by the lines. System faults and loss of generation cause stability problems studies have indicated that by varying the VARs supply at suitable point in the network system stability can be improved. The thyristor switched shunt capacitors are especially useful for this purpose.

1.5.3 CONTROL OF OVER VOLTAGES
Shunt compensation can control over voltages under transient and dynamic conditions thereby allowing a reduction in design insulation level. Thus function requires static VARs system to swing rapidly for into absorption mode and thyristor controlled reactor is best suited for this purpose.

1.5.4 REDUCTION IN VARs FLOW
The provision of shunt compensation leads to a reduction in unnecessary circulation of VARs in the network leading to reduction of system losses and increased availability of equipment rating.

1.6 COMPENSATION EQUIPMENTS 

The long distance EHV transmission system requires the use of series capacitors and shunt reactors in addition to circuit breakers, isolators CTs, PTs and other usual equipments. The purpose of these equipments is to artificially reduce the transfer impedance and the shunt susceptance of the lines so as to improve system stability and voltage control, increase the efficiency of transmission, facilitate line energization and reduce temporary and transient over voltage.

The most of the loads absorb positive(i.e. lagging) VARs to supply the magnetizing current of transformers, induction motors etc. at any moment the maximum VARs which can be transferred over the lines are fixed by the voltage profile. It follows that at times of peak loads; the VARs demanded by the loads greatly exceed the VARs which can be transmitted over the lines from the consideration of voltage drop. Therefore additional equipment is necessary to generate lagging VARs to meet the reactive power requirement of the consumers. If this is not done the system the system voltage at some of the buses is likely to become lower than the nominal voltage. The shunt capacitance of the line absorbs the leading VARs (i.e. generates lagging VARs). At the time of light loads the lagging VARs produced by the lines are much larger than that required by the consumer loads. These surplus lagging VARs must be absorbed by additional equipment to keep the voltage profile within limits. If it is not done the system voltage at some of the buses is likely to become higher than the nominal voltage. Hence it follows that, it is necessary to provide additional equipment called reactive power compensating equipments to generate or absorb VARS. A shunt connected inductor absorbs lagging VARs while a shunt capacitor generates lagging VARs (by absorbing leading VARs). Specially designed synchronous machine called synchronous compensators (or phase modifiers) can generate or absorb VARs.

An application of compensation equipment in a system has the following effects.

1. Reduction in reactive component of circuit current.

2. Maintenance of voltage profile within limits.

3. Reduction of Cu-losses in the system due to reduction of current.

4. Reduction in investment in the system per kW of load supplied.

5. Decrease in kVA loading of generators and circuits. This decrease in kVA loading may relieve an overload condition or release capacity for additional load growth.

6. Improvement in power factor of generators.

7. Reduction in kVA demand charges for large consumers.

Long EHV transmission lines need intermediate switching substations to enable installation of series capacitors and shunt reactors.

1.6.1 SERIES COMPENSATORS

1.6.1(a) PASSIVE SERIES COMPENSATORS
The series capacitors, used for line-length compensation, when connected with the line reduces the inductive reactance of the transmission line thereby reducing the voltage drop by an inductive load. This increases the maximum power transfer capability one draw back of series capacitor is the high voltage produced across a long transmission line.  These compensators effectively control the actual power transmitted, which at a defined transmission voltage, is determined by the series line impedance and the angle between the end voltages of the line. These Static series compensators are variable series compensators, highly effective in maximum power transfer capability and improving voltage stability.

Series capacitive compensation is also based to reduce the series reactive impedance to minimize the receiving end voltage variation and the possibility of voltage collapse. [Both series and shunt capacitive compensation can effectively increase the voltage stability limit].It does it by canceling a portion of the line reactance and thereby providing a “stiff” voltage source for the load. For increasing the voltage stability limit of overhead transmission, series compensation is much more effective than shunt compensation of the same MVA rating. One draw back of series capacitor is the high voltage produced across the capacitor terminals under short circuit conditions.  A spark gap with a high speed contractor is used to protect the capacitor under these conditions. These are connected as capacitor banks in series with the transmission line.

1.6.1(b) ACTIVE SERIES COMPENSATORS
Active series compensators are static series compensators and have no rotating sectioning. Static series compensators are of following types:

A. VARIABLE IMPEDANCE TYPE SERIES COMPENSATORS
Ι GTO Thyristor-controlled series capacitor (GCSC) (Fig. 1.1)
It was first proposed by Karady et al in 1992.  It consists of a fixed capacitor in parallel with a GTO thyristor (or equivalent) valve (or switch) that has the capability to turn on and off upon command. This compensator scheme is the perfect combination of the TCR having the unique capability of directly varying the capacitor voltage by delay angle M control.  Apart from the theoretical interest, this technique has some operational merits and it may be incorporated into some series compensator schemes in the future, when larger GTO thyristor become available. The GCSC, like other series compensating capacitors, is inserted directly, without any magnetic coupling, in series with the line, if operated on a high voltage platform of sufficient insulation level.

ΙΙ Thyristor- switched series capacitor (TSSC) (Fig. 1.2)

It consists of a number of capacitors, each shunted by an approximately rated bypass valve composed of a string of reverse parallel connected thyristors, in series. The basic circuit of TSSC is similar to the sequentially operated GCSC but its operation is different due to the imposed switching restrictions of the conventional thyristor valve. TCSC can be applied for power flow control and for damping power oscillation where the required speed of response is moderate.

ΙΙΙ Thyristor-controlled series capacitor (TCSC) (Fig. 1.3)

The basic scheme was proposed in 1986 by Vithayathil et al as a method of “rapid adjustment of network impedance”. It consists of the series compensating capacitor shunted by a thyristor controlled reactor.  In a practical implementation, several such basic compensators may be connected in series to obtain the desired voltage rating and operating characteristics. The TCSC presents a tunable parallel LC circuit to the line current that is substantially a constant alternating current source. In the TCSC scheme, the TCR is connected in shunt with a capacitor instead of a fixed voltage source. 

B. SWITCHING CONVERTER TYPE SERIES COMPENSATORS

A voltage-sourced converter with its internal control can be considered as a synchronous voltage source (SVS) analogous to an ideal electromagnetic generator which can 

· produce a set of (three) alternating sinusoidal voltages at the desired fundamental frequency with controllable amplitude and phase angle

· generate, or absorb, reactive power 

· exchange real(active) power with the ac system when its dc terminals are connected to a suitable electric dc energy source or storage

Thus, the SVS can be operated 

· with a relatively small dc storage capacitor in a self-sufficient manner, like a static var generator to exchange reactive power with the ac system, or

· with an external dc power supply like controllable real power 

Static Synchronous Series Compensator (SSSC) (Fig. 1.4)

SSSC is a voltage-sourced converter-based series compensator, proposed by Gyugyi in 1989 using the concept of converter-based technology uniformly for shunt and series compensation and for transmission angle control. The series capacitive compensation acts as a means of reducing the line impedance (maximum power transfer) as well as means of increasing the voltage across the given impedance of the line (voltage stability). By making the output voltage of the synchronous voltage source (SVS) a function of the line current, the similar compensation is provided by the series capacitor. However, in contrast to the real series capacitor, the SVS is able to maintain a constant compensating voltage in the presence of variable line current, or control the amplitude of injected compensating voltage independent of the amplitude of the line current. The series reactive scheme using a switching power converter (voltage-sourced converter) as a SVS is, per IEEE and CIGRE definition, termed the Static Synchronous Series Compensator (SSSC).

1.6.2 STATIC SHUNT CAPACITORS

A. VARIABLE IMPEDANCE TYPE STATIC VAR GENERATORS
The performance and operating characteristics of the impedance type var generators are determined by their major thyristor-controlled constituents:

 - Thyristor-controlled reactor  

 - Thyristor-switched capacitor.

Ι Thyristor-Controlled and Thyristor-Switched Reactor (TCR and TSR)  

(Fig. 1.5)
A single-phase thyristor-controlled reactor (TCR) consists of a fixed (usually air-core) reactor and a bidirectional thyristor valve (or switch). In a practical valve many thyristors (typically 10 to20) are connected in series to meet the required blocking voltage levels at a given power rating. A thyristor valve is brought into conduction by simultaneous application of a gate pulse to all thyristor of the same polarity. The valve automatically blocks immediately after the ac current crosses zero, unless the gate signal is reapplied.

ΙΙ Thyristor-Switched Capacitor (TSC) (Fig. 1.6)

A single-phase thyristor-switched capacitor (TSC) consists of a capacitor, a bidirectional thyristor valve, and a relatively small surge current limiting reactor. The reactor is needed to limit the surge current in the thyristor valve under abnormal operating conditions (e.g., control malfunction causing capacitor switching at a “wrong time”, when transient free switching conditions are not satisfied). This reactor is also used to avoid resonances with the ac system impedance at particular frequencies.

ΙΙΙ Fixed Capacitor, Thyristor-Controlled Reactor Type Var Generator (Fig.1.7)

A basic var generator uses a fixed (permanently connected) capacitor with a thyristor -controlled reactor(FC-TCR).The current in the reactor is varied by the method of firing delay angle control. The fixed capacitor in practice is substituted, fully or partially, by a filter network that has the necessary capacitive impedance at the fundamental frequency to generate the reactive power required, but it provides low impedance at selected frequencies to shunt the dominant harmonics produced by the TCR. The fixed-capacitor, thyristor controlled reactor type var generator is considered to consist of a variable reactor (controlled by delay angle α) and a fixed capacitor. Thus, the FC-TCR type var generator is considered as a controllable admittance which, when connected to the ac system, faithfully follows (within a given frequency band and within the given specified capacitive and inductive ratings) an arbitrary input (reactive admittance or current) reference signal.

ΙV Thyristor-Switched Capacitor, Thyristor-Controlled Reactor Type Var Generator (Fig1.8)

The thyristor-switched capacitor, thyristor-controlled reactor (TSC-TCR) type compensator was developed for dynamic-compensation of power transmission systems with the intention of minimizing standby losses and providing increased operating flexibility. A basic single-phase TSC-TCR, for a given output range, consists of n TSC branches and one TCR. The number of branches, n, is determined by practical considerations that include the operating level, maximum var output, current rating of the thyristor valves, bus work and installation cost, etc. The inductive range can be expanded to any maximum rating by employing additional TCR branches.

B. SWITCHING CONVERTER TYPE VAR GENERATORS (Fig. 1.9)

Switching convertor type var generators generate controllable reactive power directly, without the use of ac capacitors or reactors, by various switching power converters (disclosed by Gyugyi in 1976). These (dc to ac or ac to ac) converters are operated as voltage and current sources and they produce reactive power without reactive energy storage components by circulating ac current among the phases of the ac system. Functionally, from standpoint of reactive power generation, their operation is similar to that of an ideal synchronous machine whose reactive power output is varied by excitation control. Like mechanically powered machine, they also exchange real power with ac system when supplied from a dc energy source. Because of these similarities with a rotating synchronous generator, they are termed Static Synchronous Generators (SSGs). When an SSG is operated without an energy source, and with appropriate controls to function as a shunt-connected reactive compensator, it is termed, analogously to the rotating compensator (condenser), a Static Synchronous Compensator (Condenser) or STATCOM (STATCON). 

C. HYBRID VAR GENERATORS: SWITCHING CONVERTER WITH TSC AND TCR

(Fig. 1.10)

The converter-based var generator can generate and absorb the same amount of maximum reactive power; in other words, it has the same control range for capacitive and inductive var output. However, many applications may call for a different var generation and operation range. This is achieved by combining the converter with either fixed and/or thyristor-switched capacitors and/or reactors. The combination of a converter-based var generator with a fixed capacitor can generate vars in excess of the rating of the converter, shifting the operating range into the capacitive region. The generalized hybrid var generator scheme, employing a switching converter with TSCs, TCRs, and possibly fixed or mechanically-switched capacitors, provides a useful possibility for the designer to optimize the compensator for defined var range, loss versus var output characteristics, performance, and cost.

1.7 STATIC VAR COMPENSATORS: SVC AND STATCOM (Fig. 1.11)
Static Var Compensator (SVC) and Static Synchronous Compensator (STAT-COM) are static var generators, whose output is varied so as to maintain or control specific parameters of the electric power system. A static (var) generator may be of
· a controlled reactive impedance type, employing thyristor-controlled and switched reactors and capacitors, or

· synchronous voltage source type employing a switching power converter, or

· a hybrid type, which employs a combination of these elements.

In hybrid compensator schemes, replacement of the TCR with a converter-based var generator in the presently used TCR-TSC compensator arrangements has the following merits:

· Faster response, as the converter immediately provides capacitive output before the TSCs is switched in. (The TCR can only absorb reactive power.)

· Reduced harmonic generation and the possible elimination of filters, since the converter can be designed to have very low harmonic generation. (TCR is the harmonic source in the SVC.)

· Greater flexibility to optimize for loss evaluation criteria, since the converter can generate and absorb reactive power, which makes it possible to switch the capacitors with either a net var output surplus or a net output shortage that the converter needs to absorb or generate. (The TCR can only absorb reactive power making it necessary to switch the capacitors with a net var surplus. At very small capacitive output demand the first TSC is to be switched in forcing TCR to absorb a very large surplus capacitive vars. This causes significant internal losses at that operating point of the compensator.)

1.8 STATIC VAR SYSTEMS (SVS) 

An EHV line requires generation as well as absorption of VARs. An SVS consists of two elements in parallel (a reactor and a bank of capacitor) one or both of which are variable. 
Two designs have been suggested:


- Self saturated reactor


- Thyristor-switched capacitor (TSC) thyristor-controlled reactor (TCR)

1.8.1 SELF SATURATED REACTOR
The variable element is an iron cored reactor working in the saturated region and a capacitor bank is in. It does not require any control system and automatically adjusts its loading to that required by the system. The saturated reactor has a very short time overload capability and is therefore very suitable for holding down system dynamic overvoltages, such as, those resulting from load rejection. Saturated reactors upto132 kV can be directly connected to the bus bar. For higher voltages an intermediate transformer may be needed.

1.8.2 THYRISTOR-SWITCHED CAPACITOR (TSC) THYRISTOR-CONTROLLED REACTOR (TCR) (Fig. 1.11)

It consists of thyristor controlled reactor banks and capacitor banks each in series with a thyristor switch. The solid state switch in series with the reactor bank is composed of reverse parallel connected thyristor pairs and is capable of continuously controlling current in the reactor from the zero to maximum ratable value. Similarly the switch in series with each capacitor bank consists of reverse parallel connected thyristor pairs. The switches in capacitor banks allow the switching in of required numbers of capacitor banks in discrete steps. Thus TSC-TCR has the capability to provide the leading and lagging VARs both independently and rapidly. The advantages of these schemes are improved performance during large system disturbances and lower losses. A static var system is, per CIGRE/IEEE definition, a combination of static compensators and mechanic-switched capacitors and reactors whose operation is coordinated. A static var system does not have a well-defined compensating arrangement (as it does not have a uniform V-I characteristic) and its overall response time is dependent on the mechanical switching devices used. The emphasis in a static var system is on coordination:
· of having a well-defined V-I characteristic and fast speed of response, it is available for dynamic compensation and other elements of the overall var system handle the steady-state var demands.

· to minimize the steady-state losses in the compensator and the overall power system.

The var output coordination follows different strategies:

· Var reserve control, forcing the output of the static compensator to return to a specific (or adjustable) var reference after each significant var demand change in the power system.

· To provide an alarm signal to the power system dispatcher if the specific var output is exceeded

· To control a number of dedicated capacitor and reactor banks within the overall static var system

· An excess in inductive var output must initiate the systematic disconnection of capacitor banks and, if required, actuate an appropriate number of mechanically-switched reactor banks.

In automatic coordination, attention is given to the capabilities of the mechanical switches with respect to the frequency of operation and the limitation of possible surge currents. A microprocessor-based control is most convenient for monitoring the switch status, storing switching history, and the effect on overall coordination as per the established priorities and compensation policies.

1.9 OBJECTIVE AND SCOPE OF THESIS

The objective and scope of my thesis is to study and analysis (in MATLAB) the series compensated 400 kV long transmission line (with and without SVS) of 600 km length. Here my objective is to find the optimal location of the series compensation and SVS for the given transmission system For this, generalized expression for maximum receiving end power, compensation efficiency and optimal value of series compensation are to be developed in terms of the line constants and capacitive reactance used for different schemes of series compensation. Based upon the steady-state performance analysis, it is to determine that the compensation scheme in which series compensation and SVS are located at the midpoint of the transmission line, yields maximum compensation efficiency.

1.10 OUTILNE OF THESIS

 Chapter 1: “Introduction to series compensation” explains about the series compensation of a long transmission line. Series compensation of both types, with and without SVS, is considered. Because of the use of SVS, an introduction to shunt compensation is also covered. Advantages of series and shunt compensation, problems associated with series compensation are also discussed. All types of series and shunt compensation equipments, both passive and active are discussed in an elaborative way. Special stress is given to Static VAR Compensators and SVS. The objective and scope of the thesis is given at the end of the chapter.

Chapter 2: “Literature Review” gives the list of works of various scholars in the field of series compensation of a long transmission line.

Chapter 3: “Analysis of series and shunt compensation schemes in MATLAB”. In this chapter analysis of the series compensation is done considering all six cases of compensation schemes. In each case, optimum value of series capacitive reactance, optimum value of degree of series compensation, maximum receiving end power and optimum value of compensation efficiency are calculated. Based on the results obtained in all the six cases, a comparative study is made between the compensation schemes with and without shunt compensation. Then plot between (1) PR(max) and degree of series compensation (S%), (2) compensation efficiency (ηC) and degree of series compensation (S%), for the six cases are plotted.

Chapter 4: “Case Study”. In this chapter the case study of a 400kV, 600km long transmission line has been considered for analysis for different locations of series and shunt compensation in MATLAB.

Chapter 5: “Results and Discussions”. In this chapter the results and discussions of all the six cases has been done and found that the case 3, in which series compensation and SVS are located at the midpoint of the transmission line, gives the best result.

CHAPTER-2: LITERATURE REVIEW
2.1 OVERVIEW OF SERIES COMPENSATION SCHEMES FOR POWER TRANSFER CAPABILITY AND VOLTAGE STABILITY

Series compensation is an economical means of improving power transfer over the long transmission lines. Series compensators are also beneficial in voltage regulation, reactive power control, load division between parallel circuits and reduction of losses and enhancement of angular and voltage stability. Determination of the location of series compensation and the amount of series compensation are the most important aspects in the series compensated transmission lines. The proper location of series compensation not only enhances the power transfer but also it helps to overcome the SSR problem.

2.2 RECENT WORK

C. Palanichamy and N. Sundar Babu [7] presented a work on a visual package for educating preparatory transmission line series compensation. They presented that as transmission of electric power over great distances imposes very severe economical and technical limitations, series compensation techniques are very effective in overcoming such economical and technical limitations. Series compensation techniques using capacitors has gained special interest because of its cost effectiveness. They have provided two series compensation algorithms using user-friendly software package developed in visual basic for the study of transmission line series compensation to achieve maximum power transfer. They have proposed an algorithm based on percentage compensation to arrangement the beginner understands. This package has been tested with many study systems. This package is developed in visual basic V6.0, which is user-friendly. They say that this might be useful for the study of transmission line series compensation in electrical engineering programs that include power engineering courses.

Matt Matele [8] presented a work on enhancing of transmission capability of power corridors by means of series compensation. This paper highlighted the concepts of series compensation and TCSC. He implemented the TCSC technology in ling distance AC power transmission systems in the Nordic Countries and in South America. He concluded that series compensation is a useful tool for improvement of power transmission capability as well as steady-state and dynamic stability of long ac power transmission systems, in conjunction with power interconnection corridors between countries as well as between regions within countries. He also concluded that series compensation offers a cost effective and time saving alternative for building a new or additional transmission lines. The introduction of thyristor control has widened the scope and usefulness of series compensation and added benefits of damping of active power oscillations between weakly interconnected power generating areas.
K. Ramar and M. S. Raviprakash [2] presented a wok on the design of compensation of long ac transmission lines for maximum power transfer limited by voltage stability. They presented a generalized approach to reactive power management in AC transmission lines for maximum power transfer. The transmission line was represented by its equivalent π-model. The series and shunt compensation schemes were separately analyzed for different load models. Voltage constraints were taken into consideration during the design of compensation schemes.

E. A. Leonidaki, G. A. Manos, N. D. Haziargyriou [3] presented a work on “An effective method to locate series compensation voltage stability enhancement”. They presented that series compensation of the transmission line is one of the effective means of increasing the loading margin of an interconnected power system. In their paper they gave a methodology for identifying the critical transmission lines wrt voltage stability issues via sensitivity analysis. Their methodology applies to (N-1) configurations taking into accounts for future expansion 
plans taking the example of Hellenic interconnected transmission system.

M. Z. El-Sadek et al, [4, 5, and 6] presented a scheme of series compensation along with SVC for enhancing the steady state voltage stability. The appropriate percentage of series compensation was obtained from the voltage stability point of view. Combined use of tap changing transformer and SVC was also presented by the same authors in order to enhance the voltage stability of the transmission lines.

Walid Hubbi and Takashi Hiyama [9] presented a work on placement of static VAR compensators to minimize power system losses. They have proposed a screening method of finding the optimal location of Static VAR compensators and other reactive elements in a power system to minimize the power loss. For this, they have calculated the sensitivity of the power loss to reactive power injection at all the system buses. They have an assumption on low sensitivity at a bus and its validity is tested by using a 30-bus and a 57-bus systems. The computational requirements for calculating all the sensitivity coefficients are little more than a Newton-Raphson iteration of an ac load-flow analysis using an already factorized Jacobian.They have concluded that the sensitivity analysis technique has the potential to greatly reduce the search space to place reactive power sources in a power system to reduce power system loss. Reducing the number of nodes reduces the computational requirements of the other VAR sources planning tools. Eliminating the least sensitive half of the nodes from the search space, can save hundreds of optimal load-flow calculations in a genetic-based VAR sources planning algorithm.For further studies they have suggested to test the effect of varying load profile on the correlation between the sensitivity and power loss reduction in conjunction with the effect of changing system configuration and contingencies.

Fatih Hamzaoglu and Elham B. Makram [10] have presented their work on minimization of series reactive power loss for the voltage instability problems. They have given a method to find the location of series capacitors to minimize the total series reactive power loss (SRPL) of a power system. Since an increase in reactive power loss is used as an indicator for the voltage instability, they have 

introduced a newly developed indicator dQlossi-j /dKs to calculate the decrease in SRPL as a result of the series compensation. They have simulated their proposed method on one-and two-area system and found the effect of series compensation on transmission line reactive power loss without solving the power flow equations and concluded that as the total degree of series compensation increases, the system gets far from instability and the effect of compensation decreases.  The advantage of series compensation is that it doesn’t cause overvoltage at light loading and it works better as the system gets close to the instability point.  They have taken the divergence of the power flow solution to check the increase in load margin, when the resulting lines are compensated.

Dr. N. Kumar et al, [11] have presented a work on determination of optional amount and location of series compensation and SVS for an ac transmission system.  They have determined the optional location of the series compensation and SVS for a given transmission system.  For this they have developed generalized expressions for maximum receiving and power, compensation efficiency, and optional value of series compensation have been developed in terms of the line constants and capacitive reactance used for different schemes of series compensation.  On the basis of steady state performance analysis, they have determined that in the compensation scheme the series compensation and SVS are located at the midpoint of the transmission line and yielded maximum receiving end power and maximum compensation efficiency. 

M. Saravanan et al, [12] have presented a work on application of particle swarm optimization technique for optimal location of FACTS devices considering cost of installation and system loadability.  In their work they have presented the application of particle swarm optimization (PSO) technique to find the optimal location of FACTS devices with minimum cost of installation of FACTS devise and to improve system loadability (SL).  To find the optimal location they have taken thermal limit for the lines and voltage limit for they buses as constraints.  Considering three types of FACTS devices, thyristor controlled series compensator (TCSC), static VAR compensator (SVC) and unified power flow controller (UPFC), optimizations are performed or the location of FACTS devices, their setting, their type, and installation cost of FACTS devices.  Two cases namely, single-type devices (same type of FACTS devices) and multi-type devices (combination of TCSC, SVC and UPFC) are considered and simulations are performed on IEEE 6, 30 and 118 bus systems.  They have taken in Tamil Nadu Electricity Board (TNEB), 69 bus system as a practical system in India for optimal location of FACTS devices.  They have found that the results obtained are quite encouraging and useful in electrical restructuring. 

G.I. Rashed et al, [13] have presented a work on evolutionary optimization technique for optimal location and parameter setting of TCSC under single line contingency.  For the stressed power system due to increased loading or due to contingencies it is very difficult for the system to remain in security operating regions. It becomes primary objective of the operator to apply control regions.  When there is any kind of time delay or unavailability of control the system become unstable.  FACTS devices are used to enhance power system security.  They have used TCSC as a FACTS device which can smoothly and rapidly change its apparent reactance according to the system requirements.  Because of high capital investment and better utilization (satisfactory performance) of the FACTS devices, it becomes necessary to locate these devices optimally in the power system.  Their work is mainly conserved with the enhancement of the system security against single contingencies via the optimal placement of TCSC.  They have dealt with two optimization techniques namely, genetic algorithm (GA) and particle swarm optimization (PSO) for the optimal location and optimal parameter setting of TCSC under single line contingency (N-1 contingency).  Contingency analysis is performed to defect and rank of severest line faulted contingencies in the power system.  They have stimulated the proposed techniques on an IEEE 6-bus power system and on IEEE 14-bus power system.  They have obtained encouraging results showing that TCSC is one of the most effective series compensation devices that significantly eliminates or minimizes line overloads under single contingences. Both GA and PSO techniques have easily and successfully found out the optimal and the optimal parameter settings of TCSC. 

CHAPTER-3: ANALYSIS OF SERIES AND SHUNT COMPENSATION SCHEMES

3.1 INTRODUCTION

In this project a comparison criteria based upon the maximum power transfer over the long transmission line has been developed. The generalized expressions for the maximum receiving end power PR (max) in terms of the capacitive reactance used are developed. The optimum value of series compensation has been determined for various locations of series compensation without and with static VAR system. Also the effectiveness of series compensation has been studied by using the compensation efficiency criterion. The generalized expression for the optimum value of series compensation as well as compensation efficiency has been developed. Based upon the comparative study the midpoint location of the series compensation and SVS is recommended for a given 400kV, 600km long transmission line.

Maximum Receiving End Power

 The receiving end complex power in terms of generalized A0 B0 C0 D0 (Appendix A) constants is given by                    

 PR =│VS││VR│cos(β-δ) - │A0│ │VR│2 cos(β - α)                                      (3.1)   

        │B0│                           │B0│

where   A0 = │A0│α,      B0 =│B0│β

PR will be maximum at δ = β

such that,   PR = │VS ││VR│ - │A0│ │VR│2 cos (β - α)                              (3.2)


              │B0│         │B0│

In practical situations α is very small.

Therefore, neglecting α 

      PR = │VS ││VR│ - │A0│ │VR│2 cos β                                                    (3.3)


         │B0│        │B0│

Substituting│VS│= K│VR│

PR = │VR│2 (K- │A0│cos β)                                                                           (3.4)

        │B0│             

The generalized expressions based upon the equation (3.4) are derived in terms of the series capacitive reactance (XC) used for each case. The optimum value of series capacitive reactance XC(opt) is determined by:

    dPR(max)  = 0                                                                                                  (3.5)

     dXC 

Compensation Efficiency
The compensation efficiency ηC is defined as the ratio of net reduction in transfer reactance to the series capacitive reactance (XC) used. Thus the effective series capacitive reactance X′C (as compared to the actual value of XC) is given by:

     X′C = ηC XC
Therefore,    ηC = Net reduction in transfer reactance                                    (3.6)   

                             Series capacitive reactance used

Based upon the equation (3.6) the generalized expressions for the compensation efficiency are derived for each series and shunt compensation location.

ANALYSIS

Analysis has been done for six case studies depending on the relative position of series and shunt compensation location.

3.2 CASE STUDY – 1

In case study-1, the series capacitor is located at the sending end (Figure 3.1a), middle (Figure 3.1b) and at the receiving end (Figure 3.1c) of the long transmission line without any shunt compensation. The generalized expression for PR(max), optimum value of capacitive reactance, XC(opt) and compensation efficiency, ηC are derived as follows:

3.2.1 SERIES CAPACITOR AT THE SENDING END OF THE TRANSMISSION LINE                             
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Figure-3.1(a) series compensation scheme without SVS
                                                              (series capacitors located at the sending end)

 Derivation of generalized line constants:
 For the present case study the effective generalized constants of the compensated line are as follows:
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                                                                                                                     (3.7)                                                                                                                                                                                                                                             

From equation (3.7)  

          A0 =A –j XC,   B0 = B – j AXC,     C0 = C,       D0 = A

Substituting    A = A1+ jA2                    B = B1 + jB2
                       C = C1 + jC2                   D = A = A1 + jA2
We get,   A0 = A –j XC = (A1 + C2XC) + j (A2 – C1XC)

                α0 = tan-1(A2 – C1XC)/ (A1 + C2XC) 

Similarly,     B0 = B – j AXC = (B1 + A2XC) + j (B2 – A1XC)

                     β0 = tan-1[(B2 – A1XC)/ (B1 + A2XC)]                                         (3.8)

Derivation of generalized expression for maximum receiving end power: 

PR (max)

The receiving end power in terms of generalized A0 B0 C0 D0 (Appendix A) constants and sending end and receiving end voltages is given by:  

          PR = │VS ││VR│cos (β0 - δ) - │A0││VR│2 cos (β0 – α0)                     (3.9)   


       │B0│                                │B0│

where,  A0 = │A0│α0,      B0 =│B0│β0
PR will be maximum at δ = β0
Therefore,    PRmax= │VS ││VR│ - │A0│ │VR│2 cos (β0 – α0)                    (3.10)


                     │B0│               │B0│

In practical situations α0 is very small, therefore neglecting α0 

 PRmax = │VS ││VR│ - │A0│ │VR│2 cos (β0)                                          (3.11)


  │B0│               │B0│

Substituting │VS│= K│VR│, we have

      PR = │VR│2 (K - │A0│cos (β0))                                                               (3.12)

              │B0│             

Using expression (3.8)  cos β0 = (B2 – A1XC)/ │B0│

Further, making the following simple and reasonable assumptions,         
           │A0│ = real (A0) = A1 + C2XC
           │B0│= imag (B0) = B2 – A1XC

and
cos β0 = (B1 + A2XC)/(B2 – A1XC)

Substituting approximate values of │A0│, │B0│ and cosβ0 in equation (3.4) we get     

 PR (max) =   │VR│2            [K1X2c + K2 XC + K3]                                   (3.13)

               (B2 – A1XC) 2   

 Where           K1 = A2C2

                      K2 = - (KA1 + A1A2 + B1C2)                                         
                      K3 = KB2 – A1B1 


and     A = A1 + j A2 ,      B = B1 +j B2 ,       C = C1 + j C2 
 are the generalized line constants of the transmission line without any compensation.

Derivation of optimum series compensation: XC(opt)

For optimum value of series compensation we differentiate (3.13) wrt XC and equate it to zero i.e.          dPRmax / dXC = 0
Simplification yields the following equation in terms of XC
(B2 – A1XC)[(2K1XC + K2) (B2 – A1XC) + (2K1A1XC2 + 2K2A1XC + 2K3A1)] = 0

 or               XCopt = - (K2B2 + 2K3A1)/ (2K1B2 + K2A1)                                (3.14)

Derivation of Compensation Efficiency: ηC 

The compensation efficiency ηC is defined as a ratio of net reduction in transfer impedance to series capacitive reactance used. Thus the effective series capacitive reactance XC'(as compared to the actual value of XC) is given by:   XC' = ηCXC
The effective transfer impedance for the case study-1c is given as below:

         B0 = B – jAXC
Reduction in transfer impedance = B - B0 = jAXC
Compensation efficiency, ηC = (Net reduction in transfer reactance)/ (Series capacitive reactance used)     = real [B – B0]                                                             (3.15)

                    jXC
In this case          B0 = B – jAXC
                            B – B0 = jAXC 
Therefore            ηC = real [(jAXC)/ jXC] = real [A] =A1                                          (3.16)

3.2.2 SERIES CAPACITOR AT THE MIDDLE OF THE TRANSMISSION LINE                                                                 
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Figure-2.1(b) series compensation scheme without SVS

(series capacitors located at the middle of the transmission line)

Derivation of generalized constants:
For the present case study the effective generalized constants are as follows: 
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                                                                                                                         (3.17)

From equation (3.17)

A0 = (A2 + BC) - jACXC,    B0 = 2AB – jA2XC,

C0 = 2AC – jC2XC,    D0 = A2 + BC – j ACXC
Substituting   A = A1+ jA2                    B = B1 + jB2
                      C = C1 + jC2                   D = A = A1 + jA2
We get  A0 = (A2 + BC) – j ACXC = [A12 + A22 + B1C1 – B2C2 – A1C2XC – A2C1XC] + j [2A1A2 + B1C2 + B2C1 – A1C1XC – A2C2XC]

α0 = tan-1 [2A1A2 + B1C2 + B2C1 – A1C1XC – A2C2XC]/ [A12 + A22 + B1C1   – B2C2 – A1C2XC – A2C1XC]

Similarly B0 = 2AB – jA2XC

        = (2A1B1 – 2A2B2 + 2A1A2XC) + j[(2A1B2 + 2A2B1) – (A12 - A22)XC] 


   β0 = tan-1[(2A1B2 + 2A2B1) – (A12 - A22) XC] / (2A1B1 – 2A2B2 +  

                    2A1A2XC)                                                                                                                                                                                                                                                                          

Derivation of generalized expression for maximum receiving end power:

PR (max)
In this case the series capacitor is located at the middle of the transmission line and the generalized expression for PR (max) is derived as follows:

   PR(max) = │VR│2 [K1X2C + K2 XC + K3]                                                         (3.18)

                  │B0│2

Where      B0 = 2(A1B2 + A2B1) – (A12 –A22) XC  

K1 = 2A1A2 (A1C2 + A2C1)

K2 = - K (A12 – A22) – 2A1A2 (A12 – A22) - 2A1A2 (B1C1- B2C2) – 

           2(A1B1 - A2B2) (A1C2 + A2C1)

K3 = 2K (A1B2 + A2B1) - 2(A1B1 - A2B2) [(A12 –A22) + (B1C1- B2C2)] 

Derivation of optimum series compensation: XC(opt) 

For optimum value of series compensation we differentiate (3.18) wrt XC and equate it to zero
i.e.          dPR (max) / dXC = 0
Simplification yields the following equation in terms of XC

[2(A1B2 + A2B1) – XC (A12 – A22)][(2K1XC + K2) + 2(A12 – A22) (K1XC2 + 

K2XC + K3)] = 0

or   [4K1 (A1B2 + A2B1) + K2 (A12 – A22)]XC + 2K2 (A1B2 + A2B1) +

        2K3 (A12 – A22) = 0

Therefore,  Xcopt = - [2K2 (A1B2 + A2B1) + 2K3 (A12 –A22)]/ [4 K1 (A1B2 + A2B1) +

               K2 (A12 – A22)]                                                                               (3.19)   
 Derivation of Compensation Efficiency: ηC 
The compensation efficiency ηC is defined as a ratio of net reduction in transfer impedance to series capacitive reactance used. Thus the effective series capacitive reactance XC'(as compared to the actual value of XC) is given by: 

          XC' = ηCXC
The effective transfer impedance for the case study-1b is given as below:

         B0 = 2AB – jA2XC
Reduction in transfer impedance = 2AB - B0 = jA2XC
Compensation efficiency, ηC = (Net reduction in transfer reactance)/ (Series capacitive reactance used) = real [2AB – B0]

                   jXC
In this case          B0 = 2AB – jA2XC
                            B – B0 = jA2XC 
Therefore            ηC = real [A2] = [A12– A22]                                                 (3.20)

 3.2.3 SERIES CAPACITOR AT THE RECEIVING END OF THE TRANSMISSION                               LINE
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                                        Figure-2.1(c) series compensation scheme without SVS              

(series capacitors located at the receiving end of  the transmission line)

Derivation of generalized constants:
For the present case study the effective generalized constants of the compensated line are as follows: 
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                                                                                                                          (3.21)

From equation (3.21)


A0 = A,     B0 = B – j AXC,     C0 = C,     D0 = D – jCXC = A - jCXC
Substituting   A = A1+ jA2                    B = B1 + jB2
                      C = C1 + jC2                   D = A = A1 + jA2

We get   A0 = A1+ jA2,    α0 = tan-1A2/A1
Similarly  B0 = B – jAXC = (B1 + A2XC) + j (B2 – A1XC)


     β0 = tan-1(B2 – A1XC)/ (B1 + A2 XC)

Derivation of generalized expression for maximum receiving end power:

 PR (max) 

From equation (3.4) the receiving end power in terms of generalized constants is given by:
 PR = │VR│2 (K - │A0│cos (β0))                                                       (3.22)


          │B0│             

Further, making the following simple and reasonable assumptions,        


│A0│= real (A0) = A1

│B0│= imag (B0) = (B2 – A1XC)


cos β0 = real (B0)/ │B0│= (B1 + A2XC)/ (B2 – A1XC)

Substituting approximate values of │A0│, │B0│ and cosβ0 in equation (3.22) we get        

PR (max) =        │VR│2       [K1X2c + K2 XC + K3]                               (3.23)

                 [(B2 - A1XC] 2

where


 K1 = 0

K2 = - A1 (K + A2) 

K3 = KB2 - A1B1 

and     A = A1 + j A2 ,  B = B1 +j B2 ,   C = C1 + j C2  are the generalized line constants of the line without any compensation.

Derivation of optimum series compensation: XC(opt) 

For optimum value of series compensation we differentiate (3.23) wrt XC and equate it to zero
  i.e.          dPR max / dXC = 0

Simplification yields the following equation in terms of XC

(B2 – A1XC)K1 + 2A1 (K1XC + K2) = 0

or         (K1A1)X​ + (K1B2 + 2K2A1) = 0

Therefore   XCopt = - (K1B2 + 2K2A1)/ (K1A1)                                              (3.24)
Derivation of compensation efficiency: ηC
The compensation efficiency ηC is defined as a ratio of net reduction in transfer impedance to series capacitive reactance used. Thus the effective series capacitive reactance XC'(as compared to the actual value of XC) is given by: 
          XC' = ηCXC
The effective transfer impedance for the case study-1c is given as below:

         B0 = B – jAXC
Reduction in transfer impedance = B - B0 = jAXC
Compensation efficiency, ηC = (Net reduction in transfer reactance)/ (Series capacitive reactance used) = real[B – B0]
                jXC
In this case          B0 = B – jAXC
                     B – B0 = jAXC 
Therefore            ηC = real [(jAXC)/jXC] = real [A] =A1                                           (3.25)

3.3 CASE STUDY - 2

In this case (figure3.2) the series capacitor is located at sending end and SVS is located at the middle of the transmission line. Generalized expressions for PR (max),   Xc(opt), and ηc are derived as follows:

Derivation of generalized constants:
The effective or total generalized line constants for the scheme considered in above fig. 3.2 are given as follows: 
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                                                                                                                         (3.26)                                              

On simplification we get


A0 = A2 + BC + bA2XC + j [bAB – 2ACXC]


B0 = 2AB + bABXC +j [bB2 – (A2 + BC) XC]

Substituting   A = A1+ jA2                    B = B1 + jB2
                      C = C1 + jC2                   D = A = A1 + jA2
We get   A0 = A2 + BC + bA2XC + j [bAB – 2ACXC]

       = [(A12 – A22) + (B1C1 – B2C2) – b (A1B2 + A2B1)] + [b (A12 – A22) + 2(A1C2 + A2C1)] XC + j [2A1A2 + (B1C2 + B2C1) + b(A1B1 - A2B2)] + j [2bA1A2 - 2(A1C1+ A2C2)] XC

α0 = tan‑1 [imag (A0)/│A0│]

Similarly   B0 = 2AB + bABXC + j [bB2 – (A2 + BC) XC]

          = [2(A1B1 - A2B2) – 2bB1B2] + [b (A1B1 - A2B2) + (B1C2 + B2C1) + 2A1A2] XC + j [2(A1B2 + A2B1) + b (B12 – B22)] + j [b(A1B2 + A2B1) - (B1C1 – B2C2) – (A12 – A22)]XC
β0 = tan-1 [imag (B0)/│B0│]

Derivation of generalized expression for maximum receiving end power:  PR (max)
The generalized expression for PR (max), has been derived using the generalized line constants A0 B0 C0 D0 in equation (3.26).  The generalized expression for PR (max) is derived as follows:
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Figure 3.2: Scheme with series compensation at sending end and SVS at mid point

 PR(max) = │VR│2 [K1X2C + K2 XC + K3]                                                       (3.27)


    │B0│2

 where B0  = [2(A1B1 - A2B2) – 2b B1B2] + [b (A1B1 - A2B2) + (B1C2 + B2C1) + 

2 A1A2] XC + j [2(A1B2 + A2B1) + b (B12 – B22)] + j [b(A1B2 + A2B1) - (B1C1- B2C2) - (A12 – A22)]XC 

          K1 = - [b (A12 – A22) + 2(A1C2 + A2C1)] [b (A1B1 - A2B2) + (B1C2 + B2C1)   + 2A1A2] 

          K2 = [bK (A1B2 + A2B1) – K (B1C1- B2C2) – K (A12 – A22)] - [(A12 – A22) + (B1C1- B2C2) - b (A1B2 + A2B1)] [b (A1B1 - A2B2) + (B1C2 + B2C1) + 2A1A2] 

                 - [2(A1B1 - A2B2) – 2bB1B2] [b (A12 – A22) +2(A1C2 + A2C1)] 


   K3 = [2K (A1B2 + A2B1) + bK (B12 – B22)] – [(A12 – A22) + (B1C1- B2C2) – b (A1B2 + A2B1)] [2(A1B1– A2B2) - 2bB1B2]

Derivation of optimum series compensation: XC(opt)  
For optimum value of series compensation we differentiate (3.27) wrt XC and equate it to zero
  i.e.          dPR (max) / dXC = 0

Simplification yields the following equation in terms of XC:

 [(A1B2 + A2B1) (4 K1 - b K2) +2b K1 (B12 – B22) + K2 (B1C1- B2C2) + 

(A12 – A22)] XC(opt)  - [2(A1B2 + A2B1) (bK3 - K2) - 2 K3 {(B1C1- B2C2) + (A12 – A22)} - b K2 (B12 – B22)] = 0
Therefore,


XC(opt) = [2(A1B2 + A2B1) (bK3 - K2) - 2 K3{(B1C1- B2C2) + (A12 – A22)} -b K2(B12 – B22)] /[(A1B2 + A2B1) (4 K1 - b K2) +2b K1 (B12 – B22) + K2 (B1C1- B2C2) + (A12 – A22)]            (3.28)

Derivation of compensation efficiency: ηC

The compensation efficiency ηC is defined as a ratio of net reduction in transfer impedance to series capacitive reactance used. Thus the effective series capacitive reactance XC'(as compared to the actual value of XC) is given by: 
          XC' = ηCXC
The effective transfer impedance for the case study-2 is given as below:

         B0 = 2AB + bABXC + j [bB2 – (A2 + BC) XC]

Reduction in transfer impedance = 2AB - B0 = j [bB2 – (A2 + BC) XC]
Compensation efficiency, ηC = (Net reduction in transfer reactance)/ (Series capacitive reactance used)        = real [(2AB – B0)/ j XC]

In this case          B0 = 2AB + bABXC + j [bB2 – (A2 + BC) XC]
                            2AB – B0 = - bABXC – j [bB2 – (A2 + BC) XC]
Therefore            ηC = real [(- bABXC – j (bB2 – (A2 + BC) XC))/ jXC]

                    = - b (A1B2 + A2B1) + (A12 – A22) + (B1C1- B2C2) – 

                         b (B12 – B22)/ XC                                                    (3.29)

3.4 CASE STUDY- 3

In this case both series capacitor and SVS are placed at the center of the line (Figure 3.3). Generalized expressions for PR (max), XC (opt), and ηC are derived as follows:
Derivation of generalized constants:
The effective or total generalized line constants for the scheme considered in figure 3.3 are given as follows: 
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                                                                                                                         (3.30)

On simplification we get


A0 = [(A2 +BC) + bA2XC] + [jbAB - jACXC]


B0 = 2AB – bABXC + jbB2 – jA2XC
Substituting    A = A1+ jA2                    B = B1 + jB2
                       C = C1 + jC2                   D = A = A1 + jA2
We get

A0 = [(A2 +BC) + bA2XC] + [jbAB - jACXC]

     = (A 12 – A22) + (B1C1- B2C2) – b (A1B2 + A2B1) + [b (A12 – A22) + (A1C2 + A2C1)] XC +j [b (A1B1 - A2B2) + 2A1A2 + (B1C2 + B2C1)] +j [2bA1A2 - (A1C1 + A2C2)] XC  


α0 = tan‑1 [imag (A0)/│A0│]

Similarly       
B0 = [2(A1B1 - A2B2) - 2b B1B2] + [b (A1B1 - A2B2) + 2A1A2] XC 
                             +j [2(A1B2 + A2B1 + b (B12 – B22)] +j [b (A1B2 + A2B1) – 

                   (A12 – A22)] XC
β0 = tan-1 [imag (B0)/│B0│]

Derivation of generalized expression for maximum receiving end power: PR(max)  

The generalized expression for PR (max), has been derived using the generalized line constants A0 B0 C0 D0 in equation (3.30).The generalized expression for PR (max) is derived as follows:  
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Figure 3.3: Scheme with midpoint series compensation and SVS

PR(max) = │VR│2 [K1X2C + K2 XC + K3]                                                          (3.31)

               │B0│2

where B0  = [2(A1B1 - A2B2) - 2b B1B2] + [b(A1B1 - A2B2) + 2A1A2] XC 

                             +j [2(A1B2 + A2B1 + b (B12 – B22)] +j [b (A1B2 + A2B1) –

                   (A12 – A22)] XC
K1 = - [b (A12 – A22) + (A1C2 + A2C1)] [b (A1B1 - A2B2) + 2A1A2] 

           K2 = [bK (A1B2 + A2B1) – K (A12 – A22)] - [(A12 – A22) + (B1C1- B2C2) – b (A1B2 + A2B1)] [b (A1B1 - A2B2) + 2A1A2] - [2(A1B1 - A2B2) – 2bB1B2] [b (A12 – A22) + (A1C2 + A2C1)] 


K3 = [2K (A1B2 + A2B1) + bK (B12 – B22)] – [(A12 – A22) + (B1C1- B2C2) – b   (A1B2 + A2B1)] [2(A1B1 - A2B2) - 2bB1B2]  

Derivation of optimum series compensation: XC(opt)  
For optimum value of series compensation we differentiate (3.31) wrt XC and equate it to zero
  i.e.          dPR (max) / dXC = 0

Simplification yields the following equation in terms of XC
    [(4 K1 - b K2) (A1B2 + A2B1) + K2 (A12 – A22) +2bK1 (B12 – B22)] XC(opt)    

    - [2(bK3 - K2) (A1B2 + A2B1) - 2 K3 (A12 – A22) - bK2 (B12 – B22)] = 0

The optimum value of series capacitive reactance XC(opt) is calculated by using the above equation(5) as:


XC(opt)  =  [2(bK3 - K2 ) (A1B2 + A2B1) - 2 K3 (A12 – A22) - bK2 (B12 – B22)] / [(4 K1 - b K2) (A1B2 + A2B1) + K2 (A12 – A22) + 2bK1 (B12 – B22)]               (3.32)
Derivation of compensation efficiency: ηC 
The compensation efficiency ηC is defined as a ratio of net reduction in transfer impedance to series capacitive reactance used. Thus the effective series capacitive reactance XC'(as compared to the actual value of XC) is given by: 
          XC' = ηCXC
The effective transfer impedance for the case study-3 is given as below:

         B0 = 2AB + bABXC + j [bB2 – (A2 + BC) XC]

Reduction in transfer impedance = 2AB - B0 = j [bB2 – (A2 + BC) XC]
Compensation efficiency, ηC = (Net reduction in transfer reactance)/ (Series capacitive reactance used)        = real [(2AB – B0)/j XC]
In this case      B0 = 2AB + bABXC + j [bB2 – (A2 + BC) XC]
                        2AB – B0 = - bABXC – j [bB2 – (A2 + BC) XC]
Therefore     ηC = real [(- bABXC – j (bB2 – (A2 + BC) XC))/ jXC]

             = - b (A1B2 + A2B1)+ (A12 – A22) + (B1C1- B2C2) – b (B12 – 

                         B22)/XC                                                                      (3.33)

3.5 CASE STUDY- 4

In this case SVS is located at the center and series capacitor is placed at the receiving end of the line (Figure 3.4). Generalized expressions for PR (max), XC(opt), and ηC are derived as follows:

Derivation of generalized constants:
The effective or total generalized line constants for the scheme considered in figure 3.4 are given as follows: 
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                                                                                                                         (3.34)

On simplification we get


A0 = [A2 +BC] + jbAB,      B0 = 2AB + bABXC + jbB2 – j [A2 + BC] XC
Substituting 

           A = A1+ jA2                    B = B1 + jB2
           C = C1 + jC2                   D = A = A1 + jA2
We get  A0 = [A2 +BC] + jbAB

     = (A12 – A22) + (B1C1- B2C2) – b (A1B2 + A2B1) + j [b (A1B1 - A2B2) + 2A1A2 + (B1C2 + B2C1)]  


α0 = tan‑1 [imag (A0)/│A0│]

Similarly       B0 = [2(A1B1 - A2B2) - 2bB1B2] + [b (A1B1 - A2B2) + 2A1A2 + (B1C2 + B2C1)] XC + j [2(A1B2 + A2B1 + b (B12 – B22)] +j [b (A1B2 + A2B1) - (A12 – A22) - (B1C1- B2C2)] XC
β0 = tan-1 [imag (B0)/│B0│]

 Derivation of generalized expression for maximum receiving end power: PR (max)
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Figure 3.4: Scheme with receiving end series compensation and midpoint SVS

From equation (3.4) the receiving end power in terms of generalized constants is given by:
 PR = │VR│2 (K - │A0│cos (β0))                                                                   (3.35)

         │B0│             

Further, making the following simple and reasonable assumptions,         
│A0│= real (A0)

= (A12 – A22) + (B1C1 - B2C2) – b (A1B2 + A2B1)

│B0│= imag (B0) = [2(A1B2 + A2B1) + b (B12 – B22)] + [b(A1B2 + A2B1) - (A12 – A22) - (B1C1- B2C2)] XC
           cos β0 = real (B0)/ │B0│ = [(2(A1B1 - A2B2) - 2b B1B2) + (b (A1B1 - A2B2) + 2A1A2 + (B1C2 + B2C1)) XC]/ [(2(A1B2 + A2B1) + b (B12 – B22)) + (b (A1B2 + A2B1) - (A12 – A22) - (B1C1- B2C2)) XC]

Substituting approximate values of │A0│, │B0│ and cosβ0 in equation (3.35) we get 

 PRmax = │VR│2 [K1X2c + K2 XC + K3]                                           (3.36)



   │B0│2
Where


K1 = 0

            K2 = [b (A1B2 + A2B1) - (A12 – A22) - (B1C1- B2C2)] [K + b (A1B1 - A2B2) +2 A1A2 + (B1C2 + B2C1)]

            K3 = 2(A1B2 + A2B1) [K + b (A1B1 - A2B2) – b2 B1B2] + Kb (B12 – B22) - 2(A12 – A22) [(A1B1 - A2B2) - b B1B2] - 2(B1C1- B2C2) [(A1B1 - A2B2) - b B1B2]

  Derivation of optimum series compensation: Xc(opt) 
For optimum value of series compensation we differentiate (3.36) wrt XC and equate it to zero
  i.e.          dPRmax / dXC = 0

Simplification yields the following equation in terms of XC:
[K2 {b (A1B2 + A2B1) - (A12 – A22) - (B1C1- B2C2)}] XCopt - [2(bK3 - K2) (A1B2 + A2B1) +2K3 (A12 – A22) + bK2 (B12 – B22) + 2 K3 (B1C1- B2C2)] = 0

The optimum value of series capacitive reactance XC(opt) is calculated as:

XC(opt)  =  [2(bK3 - K2 )(A1B2 + A2B1) + 2 K3(A12 – A22) + bK2(B12 – B22) +2 K3(B1C1- B2C2)] / [K2 {b (A1B2 + A2B1) - (A12 – A22) - (B1C1- B2C2)                                                            (3.37)

Derivation of compensation efficiency: ηC
The compensation efficiency ηC is defined as a ratio of net reduction in transfer impedance to series capacitive reactance used. Thus the effective series capacitive reactance XC'(as compared to the actual value of XC) is given by:    XC' = ηCXC
The effective transfer impedance for the case study-4 is given as below:

         B0 = 2AB – bABXC + jbB2 – j (A2 + BC) XC
Reduction in transfer impedance = 2AB - B0 = bABXC - jbB2 + j (A2 + BC) XC
Compensation efficiency, ηC = (Net reduction in transfer reactance)/ (Series capacitive reactance used)        = real [(2AB – B0)/j XC]
In this case                       B0 = 2AB - bABXC + j [bB2 – (A2 +BC) XC]
                              2AB – B0 = bABXC – jbB2 + j (A2 + BC) XC
Therefore      ηC = real [(bABXC – jbB2 + j (A2 + BC) XC)/jXC] = - b (A1B2 +                                                                    A2B1) + (A12 – A22) + (B1C1- B2C2) – b(B12 – B22)/ XC               

The generalized expression for the compensation efficiency using equation (3.6) is obtained as:

ηc(opt) = - b(A1B2 + A2B1) + (A12 – A22) + (B1C1- B2C2) - b(B12 – B22)/ XC (3.38)

3.6 CASE STUDY- 5
In this case SVS and series capacitor is placed at the sending end of the line (Figure 3.5).

Generalized expressions for PR (max), XC(opt), and ηC are derived as follows:

Derivation of generalized constants: 
The effective or total generalized line constants for the scheme considered in figure 3.5 are given as follows: 
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                                                                                                                      (3.39)

On simplification we get


A0 = A+ bAXC - jCXC ,     B0 = B + bBXC – jAXC
Substituting      A = A1+ jA2                    B = B1 + jB2
                         C = C1 + jC2                   D = A = A1 + jA2
We get   A0 = A+ bAXC - jCXC
       = A1 + (bA1 + C2) XC + j [A2 + (bA2 - C1) XC]  


α0 = tan‑1 [imag (A0)/│A0│]

Similarly   B0 = B + bBXC – jAXC
                      = B1 + (b B1 + A2) XC + j [B2 + (bB2 - A1) XC]

β0 = tan-1 [imag (B0)/│B0│]

Derivation of generalized expression for maximum receiving end power: 

PR (max)  
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Figure 3.5: Scheme with sending end series compensation and SVS

From equation (3.4) the receiving end power in terms of generalized constants is given by:   

PR = │VR│2 (K - │A0│cos (β0))                                                                                             (3.40)
        │B0│             

Further, making the following simple and reasonable assumptions,         
│A0│= real (A0) = A1 + (bA1 + C2) XC
│B0│= imag (B0) = B2 + (bB2 - A1) XC
       cos (β0) = real (B0)/ │B0│= [B1 + (bB1 + A2) XC] / [B2 + (bB2 - A1) XC]

Substituting approximate values of │A0│, │B0│ and cosβ0 in equation (3.40) we get 

 PR (max) = │VR│2 [K1X2c + K2 XC + K3]                                                       (3.41)


     │B0│2
Where   K1 = - [b2A1B1 + bA1A2 +bB1C2 + A2C2]
 K2 = - [KA1 - bKB2 + 2bA1B1 + A1A2 + B1C2]

 K3 = KB2 –A1B1 

Derivation of optimum series compensation: XC(opt) 
For optimum value of series compensation we differentiate (3.41) wrt XC and equate it to zero
  i.e.          dPR max / dXC = 0

Simplification yields the following equation in terms of XC
The optimum value of series capacitive reactance XC(opt) is calculated by using the equation(3.41) as:

[2K1B2 – bK2B2 + K2A1] XC(opt)  -  [2bK3B2 – 2K3A1 – K2B2] = 0

or XC(opt) = [2bK3B2 – 2K3A1 – K2B2] / [2K1B2 – bK2B2 + K2A1]         (3.42)

 Derivation of compensation efficiency: ηC
The compensation efficiency ηC is defined as a ratio of net reduction in transfer impedance to series capacitive reactance used. Thus the effective series capacitive reactance XC'(as compared to the actual value of XC) is given by:     XC' = ηCXC
The effective transfer impedance for the case study-5 is given as below:

         B0 = B + bBXC – jAXC 

Reduction in transfer impedance = B - B0 = - bBXC + jAXC
Compensation efficiency, ηC = (Net reduction in transfer reactance)/ (Series capacitive reactance used)        = real [(B – B0)/j XC]
In this case          B0 = B + bBXC – jAXC 

                            B – B0 = - bBXC + jAXC
Therefore            ηC = real [(- bBXC + jAXC)/jXC] = real [A +jbB]

                    = A1 – bB2                                                                                            (3.43)

 3.7 CASE STUDY- 6
In this case SVS and series capacitor is placed at the receiving end of the line (Figure 3.6). 

Generalized expressions for PR (max), XC(opt), and ηC are derived as follows:

Derivation of generalized constants: 
The effective or total generalized line constants for the scheme considered in figure 3.6 are given as follows: 
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                                                                                                                         (3.45)

On simplification we get


A0 = A+ bAXC + jbB ,     B0 = B – jAXC
Substituting 

           A = A1+ jA2                    B = B1 + jB2
           C = C1 + jC2                   D = A = A1 + jA2
We get A0 = A+ bAXC + jbB

     = [A1 – bB2 + bA1XC] + j [A2 + bB1 +bA2XC]  


α0 = tan‑1 [imag (A0)/│A0│]

Similarly   B0 = B – jAXC
                      = [B1 + A2XC] + j [B2 - A1XC]

     β0 = tan-1 [imag (B0)/│B0│]

Derivation of generalized expression for maximum receiving end power: PR (max) 
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Figure 3.6: Scheme with receiving end series compensation and SVS
From equation (3.4) the receiving end power in terms of generalized constants is given by:
 PR = │VR│2 (K - │A0│cos (β0))                                                                   (3.46)

         │B0│             

Further, making the following simple and reasonable assumptions,         
│A0│= real (A0) = [A1 – bB2 + bA1XC] 

│B0│= imag (B0) = [B2 - A1XC]

cos β0 = real (B0)/ │B0│= [B1 + A2XC] / [B2 - A1XC]

Substituting approximate values of │A0│, │B0│ and cosβ0 in equation (3.46) we get 

 PR (max) = │VR│2 [K1X2c + K2 XC + K3]                                                     (3.47)


     │B0│2
Where

K1 = - bA1A2
            K2 = - [KA1 + A1A2 + b (A1B1 – A2B2)]

            K3 = KB2 – (A1B1 –A2B2)

 Derivation of optimum series compensation: XC(opt)  

For optimum value of series compensation we differentiate (3.47) wrt XC and equate it to zero i.e.                dPRmax / dXC = 0
Simplification yields the following equation in terms of XC as:
            [2K1B2 + K2A1]XCopt + [K2B2 + 2K3A1] = 0

or          XCopt= - (K2B2 + 2K3A1) / (2K1B2 + K2A1)                                     (3.48)                          

Derivation of compensation efficiency: ηC

The compensation efficiency ηC is defined as a ratio of net reduction in transfer impedance to series capacitive reactance used. Thus the effective series capacitive reactance XC'(as compared to the actual value of XC) is given by: 
          XC' = ηCXC
The effective transfer impedance for the case study-6 is given as below:

         B0 = B – jAXC
Reduction in transfer impedance = B - B0 = jAXC
Compensation efficiency, ηC = (Net reduction in transfer reactance)/ (Series capacitive reactance used)        = real [(B – B0)/j XC]
In this case                           B0 = B + bBXC – jAXC 

                                       B – B0 = jAXC
Therefore                        ηC = real [(jAXC)/jXC] = real [A]

                              = A1                                                                   (3.49)

CHAPTER 4: CASE STUDY (MATLAB ANALYSIS AND PLOTS)

(A) MATLAB ANALYSIS

A 400 kV, 600 km long transmission line has been considered for analysis for different locations of series and shunt compensation. The analysis and plots have been carried out in MATLAB.

4.1 CASE 1a

Series compensation scheme located at the sending end of the transmission line without SVS.

4.1.1 SCRIPT FILE
%Script file: Case la.m
%Purpose:
%        To calculate optimum value of series compensation reactance, maximum receiving end power, degree of series compensation and compensation efficiency for a compensated transmission line of length 600 km when series capacitor is located at the sending end of the transmission line(without SVS).  
%----------------------------------------------------------------------
r = 0.034;       %resistance/ph/km in ohm/km of the transmission line
x = 0.325;       %reactance/ph/km in ohm/km of the transmission line
y = 3.68e-006i;  %susceptance/ph/km in mho/km of the transmission line
L1 = 600;        %length in km of the transmission line
MVAB = 33.3;     %base MVA/ph
kVB = 231;       %base kVB/ph
VR = 231;        %receiving end line voltage in kV/ph 
K = 1;           %ratio of sending end voltage to receiving end voltage    

                  of the transmission line
%----------------------------------------------------------------------
VR_pu = VR/kVB;        %compute receiving end voltage in pu
ZB = kVB^2/MVAB        %compute base impedance
YB = 1/ZB              %compute base admittance
Z = r + j*x            %compute impedance of the transmission line
z_pu = z/ZB            %compute impedance in pu
y_pu = y/YB            %compute admittance in pu
gamma = sqrt(z_pu*y_pu)%compute intrinsic impedance of the transmission 

                       line per km
Zc = sqrt(z_pu/y_pu)   %compute characteristic impedance of the  

                       transmission line
A1 = cosh(gamma*L1)    %compute A parameter of the uncompensated

                        transmission line
B1 = Zc*sinh(gamma*L1) %compute B parameter of the uncompensated

                        transmission line
C1 = (1/Zc)*sinh(gamma*L1)%compute C parameter of the uncompensated  

                           transmission line 
D1 = A1                   %compute D parameter of the uncompensated

                           transmission line
M1 = [A1 B1; C1 D1]       %compute ABCD parameters of the uncompensated 
                          transmission line in matrix form 
K11a = -imag(A1)*imag(C1)    %compute constant K1 for case 1a
K21a = - (K*real (A1) + real (A1)*imag(A1) + real(B1)*imag(C1))

                             %compute constant K2 for case 1a       
K31a = K*imag(B1) - real(A1)*real(B1)  %compute constant K3 for case 1a
Xc1a_opt=-(K21a*imag(B1) + 2*K31a*real(A1))/(2*K11a*imag(B1) + K21a*real(A1))               %compute optimum value of series  

                             compensation reactance for case 1a
M2 = [1 -j*Xc1a_opt;0 1]*[A1 B1;C1 D1]    %compute ABCD parameter 

                             matrix for compensated transmission line
B2 = M2(1,2)  %compute B parameter of the compensated transmission 

               line when series compensation reactance is optimum
abs(B2)      %compute absolute value of B2 parameter of the compensated 

             transmission line

PR1a_max_opt = VR_pu^2*(K11a*Xc1a_opt^2 + K21a*Xc1a_opt + K31a)/abs(B2)^2)    %compute pu value of optimum value of maximum 

                    receiving end power
 XL = x*L1;    %compute inductive reactance of the transmission line of 

               length 600 km
XL_pu = XL/ZB %compute pu value of inductive reactance of the 

               transmission line of length 600 km
S1a_opt=Xc1a_opt/XL_pu    %compute optimum value of degree of series 

                           compensation of the transmission line

eta1a_opt = imag(B1-B2)/Xc1a_opt    %compute optimum value of 

                      compensation efficiency of the transmission line
4.1.2 VALUES IN COMMAND WINDOW
ZB =

  1.6024e+003

YB =

  6.2405e-004

z =

   0.0340 + 0.3250i

z_pu =

  2.1218e-005 +2.0282e-004i

y_pu =

        0 + 0.0059i

gamma =

0.0131 + 0.0011i

Zc =

   0.1857 – 0.0097i

A1 =

   0.7923 + 0.0209i

B1 =

   0.0110 + 0.1132i

C1 =

  -0.0254 + 3.2896i

D1 =

   0.7923 + 0.0209i

M1 =

   0.7923 + 0.0209i   0.0110 + 0.1132i

  -0.0254 + 3.2896i   0.7923 + 0.0209i

K11a =

   -0.0689

K21a =

   -0.8449

K31a =

    0.1045

Xc1a_opt =

    0.1022

M2 =

   1.1284 + 0.0235i   0.0131 + 0.0323i

  -0.0254 + 3.2896i   0.7923 + 0.0209i

B2 =

   0.0131 + 0.0323i

ans =

    0.0348

R1a_max_opt =

   14.4174

XL_pu =

    0.1217

S1a_opt =

    0.8396

eta1a_opt =

    0.7923

>>

4.2 CASE 1b

Series compensation scheme located at the middle of the transmission line without SVS.

4.2.1 SCRIPT FILE
%Script file: case 1b.m
%Purpose:
%       To calculate optimum value of series compensation reactance, maximum receiving end power, degree of series compensation and compensation efficiency for a compensated transmission line of length 600 km when series capacitor is located at the middle of the transmission line (without SVS).
%----------------------------------------------------------------------
r = 0.034;         %resistance/ph/km in ohm/km of the transmission line
x = 0.325;         %reactance/ph/km in ohm/km of the transmission line
y = j*3.68e-006;   %susceptance/ph/km in mho/km of the transmission

                    line
L1 = 600;          %length in km of the transmission line

L2 = 300;          %half length in km of the transmission line
MVAB = 33.3;       %base MVA/ph
Kvb = 231;         %base kVB/ph
VR = 231;          %receiving end line voltage in kV/ph
K = 1;             %ratio of sending end voltage to receiving end 

                    voltage of the transmission line
%----------------------------------------------------------------------

VR_pu = VR/kVB;    %compute receiving end voltage in pu of the 

                    transmission line
ZB = kVB^2/MVAB    %compute base impedance/ph/km in ohm/km of the 

                    transmission line
YB = 1/ZB          %compute base admittance/ph/km in mho/km of the 

                    transmission line
z = r+j*x          %compute impedance/ph/km in ohm/km of the

                    transmission line
z_pu = z/ZB        %compute impedance in pu
y_pu = y/YB        %compute admittance in pu
gamma = sqrt(z_pu*y_pu)  %intrinsic impedance of the transmission line 

                          per km
Zc = sqrt(z_pu/y_pu)     %compute characteristic impedance of the 

                          transmission line 
A3 = cosh(gamma*L2)      %compute A parameter of the uncompensated 

                          transmission line 
B3 = Zc*sinh(gamma*L2)   %compute B parameter of the uncompensated 

                          transmission line 
C3 = (1/Zc)*sinh(gamma*L2)%compute C parameter of the uncompensated

                           transmission line
D3 = A3     %compute D parameter of the uncompensated transmission line

M3 = [A3 B3; C3 D3]    %compute ABCD parameters of the uncompensated 

                       transmission line in matrix form
K11b = - (2*real(A3)*imag(A3))*(real(A3)*imag(C3) + imag(A3)*real(C3))     

                                       %compute constant K1 for case 1b

K21b = -(real(A3)^2-imag(A3)^2)*(K + 2*real(A3)*imag(A3)) - 2*real(A3)*imag(A3)*(real(B3)*real(C3)-imag(B3)*imag(C3)) - 2*(real(A3)*real(B3) - imag(A3)*imag(B3))*(real(A3)*imag(C3)+imag(A3)*real(C3))    

                                       %compute constant K2 for case 1b

K31b = 2*K*(real(A3)*imag(B3) + imag(A3)*real(B3)) - 2*(real(A3)*real(B3) - imag(A3)*imag(B3))*((real(A3)^2-imag(A3)^2) + real(B3)*real(C3) - imag(B3)*imag(C3)) %compute constant K3 for case 1b

Xc1b_opt = -(2*K21b*(real(A3)*imag(B3) + imag(A3)*real(A3)) + 2*K31b*(real(A3)^2-imag(A3)^2))/(4*K11b*(real(A3)*imag(B3) + imag(A3)*real(B3)) + K21b*(real(A3)^2-imag(A3)^2))     %compute optimum 
                     value of series compensation reactance for case 1b

 M4 = [A3 B3; C3 D3]*[1 -j*Xc1b_opt;0 1]*[A3 B3;C3 D3]     %compute ABCD 

                     parameter matrix for compensated transmission line
B4 = M4(1,2)       %compute B parameter of the compensated transmission  

                    line when series compensation reactance is optimum
abs(B4)      %compute absolute value of B4 parameter of the compensated

              transmission line
 PR1b_max_opt = (VR_pu^2)*(K11b*Xc1b_opt^2 + K21b*Xc1b_opt + K31b)/abs(B4))^2          %compute pu value of optimum value of maximum 

                           receiving end power
 XL = x*L1      %compute inductive reactance of the transmission line of 

                length 600 km
XL_pu = XL/ZB           %compute pu value of inductive reactance of the

                         transmission line of length 600 km
S1b_opt = Xc1b_opt/XL_pu    %compute optimum value of degree of series 

                             compensation of the transmission line
eta1b_opt = imag(2*A3*B3 - B4)/Xc1b_opt      %compute optimum value of 

                      compensation efficiency of the transmission line
4.2.2 VALUES IN COMMAND WINDOW

ZB =

  1.6024e+003

YB =

  6.2405e-004

z =

   0.0340 + 0.3250i

z_pu =

  2.1218e-005 +2.0282e-004i

y_pu =

        0 + 0.0059i

gamma =

0.8563 + 0.0011i

Zc =

   0.1857 – 0.0097i

A3 =

   0.9467 + 0.0055i

B3 =

   0.0061 + 0.0598i

C3 =

  -0.0033 + 1.7375i

D3 =

   0.9467 + 0.0055i

M3 =

   0.9467 + 0.0055i   0.0061 + 0.0598i

  -0.0033 + 1.7375i   0.9467 + 0.0055i

K11b =

   -0.0172

K21b =

   -0.9225

K31b =

    0.1045

Xc1b_opt =

    0.0883

M4 =

   0.9375 + 0.0221i   0.0119 + 0.0341i

  -0.0264 + 3.5562i   0.9375 + 0.0221i

B4 =

   0.0119 + 0.0341i

ans =

    0.0361

PR1b_max_opt =

   17.6023

XL =

   195

XL_pu =

    0.1217

S1b_opt =

    0.7256

eta1b_opt =

    0.8961

>>

4.3 CASE 1c

Series compensation scheme located at the receiving end of the transmission line without SVS.

4.3.1 SCRIPT FILE
%Script file: case 1c.m
%Purpose:
%      To calculate optimum value of series compensation reactance, maximum receiving end power, degree of series compensation and compensation efficiency for a compensated transmission line of length 600 km when series capacitor is located at the receiving end of the transmission line (without SVS). 
%----------------------------------------------------------------------
 r = 0.034;        %resistance/ph/km in ohm/km of the transmission line
x = 0.325;        %reactance/ph/km in ohm/km of the transmission line
y = j*3.68e-006;  %susceptance/ph/km in mho/km of the transmission line
L1 = 600;         %length in km of the transmission line
K = 1;            %ratio of sending end voltage to receiving end   

                   voltage of the transmission line
MVAB = 33.3;      %base MVA/ph
kVB = 231;        %base kVB/ph
VR = 231;         %receiving end line voltage in kV/ph
%----------------------------------------------------------------------
VR_pu = VR/kVB;   %compute receiving end voltage in pu of the 

                   transmission line
ZB = kVB^2/MVAB   %compute base impedance
YB = 1/ZB         %compute base admittance
z = r+j*x         %compute impedance of the transmission line
z_pu = z/ZB        %compute impedance in pu
y_pu = y/YB        %compute admittance in pu
gamma = sqrt(z_pu*y_pu)   %intrinsic impedance of the transmission line 

                           per km
Zc = sqrt(z_pu/y_pu)   %compute characteristic impedance of the 

                        transmission line
A1 = cosh(gamma*L1)    %compute A parameter of the uncompensated 

                        transmission line 
B1 = Zc*sinh(gamma*L1)    %compute B parameter of the uncompensated 

                           transmission line 
C1 = 1/Zc*sinh(gamma*L1)     %compute C parameter of the uncompensated 

                              transmission line 
D1 = A1     %compute D parameter of the uncompensated transmission line

M1 = [A1 B1; C1 D1]     %compute ABCD parameters of the uncompensated 

                         transmission line in matrix form
K11c = 0      %constant K1 for case 1c
K21c = -real(A1)*(K+imag(A1))      %compute constant K2 for case 1c
K31c = K*imag(B1) – real(A1)*real(B1)  %compute constant K3 for case 1c
Xc1c_opt = -(2*K31c*real(A1) + K21c*imag(B1))/(K21c*real(A1))           

    %compute optimum value of series compensation reactance for case 1c
M5 = [A1 B1;C1 D1]*[1 –j*Xc1c_opt;0 1]      %compute ABCD parameter 

                               matrix for compensated transmission line
B5 = M5(1,2)     %compute B parameter of the compensated transmission 

                  line when series compensation reactance is optimum
abs(B5)     %compute absolute value of B5 parameter of the compensated 

             transmission line
PR1c_max_opt = (VR_pu^2)*(K11c*Xc1c_opt^2 + K21c*Xc1c_opt + K31c)/abs(B5))^2     %compute pu value of optimum value of maximum 

                      receiving end power
XL = x*L1     %compute inductive reactance of the transmission line of 

               length 600 km
XL_pu = XL/ZB     %compute pu value of inductive reactance of the 

                   transmission line of length 600 km
S1c_opt=Xc1c_opt/XL_pu     %compute optimum value of degree of series 

                            compensation of the transmission line
eta1c_opt = (imag(B1)-imag(B5))/Xc1c_opt     %compute optimum value of 

                      compensation efficiency of the transmission line
4.3.2 VALUES IN COMMAND WINDOW
ZB =

  1.6024e+003

YB =

  6.2405e-004

z =

   0.0340 + 0.3250i

z_pu =

  2.1218e-005 +2.0282e-004i

y_pu =

        0 + 0.0059i

gamma =

0.0134 + 0.0011i

Zc =

   0.1857 – 0.0097i

A1 =

   0.7923 + 0.0209i

B1 =

   0.0110 + 0.1132i

C1 =

  -0.0254 + 3.2896i

D1 =

   0.7923 + 0.0209i

M1 =

   0.7923 + 0.0209i   0.0110 + 0.1132i

  -0.0254 + 3.2896i   0.7923 + 0.0209i

K11c =

     0

K21c =

   -0.8088

K31c =

    0.1045

Xc1c_opt =

    0.1156

M5 =

   0.7923 + 0.0209i   0.0134 + 0.0217i

  -0.0254 + 3.2896i   1.1725 + 0.0239i

B5 =

   0.0134 + 0.0217i

ans =

    0.0255

PR1c_max_opt =

   17.0578

XL =

   195

XL_pu =

    0.1217

S1c_opt =

    0.9499

eta1c_opt =

    0.7923

>>

4.4 CASE 2

Scheme with series compensation located at the sending end and SVS at the midpoint.

4.4.1 SCRIPT FILE
%Script file: case 2.m
%Purpose:
%       To calculate optimum value of series compensation reactance, maximum receiving end power, degree of series compensation and compensation efficiency for a compensated transmission line of length 600 km when series compensation located at the sending end and SVS at the midpoint.          
%----------------------------------------------------------------------
r = 0.034;        %resistance/ph/km in ohm/km of the transmission line
x = 0.325;        %reactance/ph/km in ohm/km of the transmission line
y = j*3.68e-006;  %susceptance/ph/km in mho/km of the transmission line
K = 1;            %ratio of sending end voltage to receiving end      

                   voltage of the transmission line
L1 = 600;         %length in km of the transmission line
L2 = 300;         %half length in km of the transmission line
MVAB = 33.3;      %base MVA/ph
kVB = 231;        %base kVB/ph
VR = 231;         %receiving end line voltage in kV/ph
%----------------------------------------------------------------------
VR_pu = VR/kVB;     %compute receiving end voltage in pu of the 

                     transmission line
ZB = kVB^2/MVAB     %compute base impedance
YB = 1/ZB           %compute base admittance
z = r+j*x           %compute impedance of the transmission line
z_pu = z/ZB         %compute impedance in pu
y_pu = y/YB         %compute admittance in pu
gamma = sqrt(z_pu*y_pu)   %intrinsic impedance of the transmission line 
Zc = sqrt(z_pu/y_pu)      %compute characteristic impedance of the 

                           transmission line
A3 = cosh(gamma*L2)           %compute A parameter of the uncompensated 

                               transmission line
B3 = Zc*sinh(gamma*L2)        %compute B parameter of the uncompensated 

                               transmission line
C3 = (1/Zc)*sinh(gamma*L2)    %compute C parameter of the uncompensated 

                               transmission line
D3 = A3     %compute D parameter of the uncompensated transmission line
M3 = [A3 B3; C3 D3]       %compute ABCD parameters of the uncompensated 

                           transmission line in matrix form
b = -3:+1:+3                    %susceptances of SVS compensation in pu

K12 = -(b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) + (real(B3)*imag(C3)+imag(B3)*real(C3)) + 2*real(A3)*imag(A3)).*(b.*(real(A3)^2-imag(A3)^2) + 2*(real(A3)*imag(C3)+imag(A3)*real(C3)))%compute constant K1 for

                                                       case 2                  

K22 = (b.*K*(real(A3)*imag(B3)+imag(A3)*real(B3)) – K*(real(B3)*real(C3)-imag(B3)*imag(C3)) – K*(real(A3)^2-imag(A3)^2)) – ((real(A3)^2-imag(A3)^2) – b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) + (real(B3)*real(C3)-imag(B3)*imag(C3))).*(b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) + (real(B3)*imag(C3)+imag(B3)*real(C3)) + 2*real(A3)*imag(A3)) – (b.*(real(A3)^2-imag(A3)^2) + 2*(real(A3)*imag(C3)+imag(A3)*real(C3))).*(2*(real(A3)*real(B3)-imag(A3)*imag(B3)) – 2*b.*(real(B3)*imag(B3)))    %compute constant K2 

                                                   for case 2

K32 = 2*K*(real(A3)*imag(B3)+imag(A3)*real(B3)) + K*b.*(real(B3)^2-imag(B3)^2) – ((real(A3)^2-imag(A3)^2) – b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) + (real(B3)*real(C3)-imag(B3)*imag(C3))).*(2*(real(A3)*real(B3)-imag(A3)*imag(B3)) – 2*b.*real(B3)*imag(B3))                %compute constant K3 for case 2
Xc2_opt = (2*(real(A3)*imag(B3) + imag(A3)*real(B3)).*(K32.*b – K22) – K22.*b.*(real(B3)^2-imag(B3)^2) – 2*K32.*((real(B3)*real(C3)-imag(B3)*imag(C3)) + (real(A3)^2-imag(A3)^2)))./((real(A3)*imag(B3)+imag(A3)*real(B3)).*(4.*K12 – K22.*b) + 2.*K12.*b.*(real(B3)^2-imag(B3)^2) + K22.*((real(B3)*real(C3)-imag(B3)*imag(C3)) + (real(A3)^2-imag(A3)^2)))

     %compute optimum value of series compensation reactance for case 2      
 B6 = (2*(real(A3)*real(B3)-imag(A3)*imag(B3)) – 2*b.*real(B3)*imag(B3)) + (b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) + (real(B3)*imag(C3)+imag(B3)*real(C3)) + 2*real(A3)*imag(A3)).*Xc2_opt + j*(2*(real(A3)*imag(B3)+imag(A3)*real(B3)) + b.*(real(B3)^2-imag(B3)^2)) + j*(b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) – (real(B3)*real(C3)-imag(B3)*imag(C3)) – (real(A3)^2-imag(A3)^2)).*Xc2_opt           %compute B parameter of the compensated 

        transmission line when series compensation reactance is optimum

abs(B6)      %compute absolute value of B6 parameter of the compensated 

              transmission line
PR2_max = (VR_pu^2./abs(B6).^2).*(K12.*Xc2_opt.^2 + K22.*Xc2_opt + K32)

      %compute pu value of optimum value of maximum receiving end power        
 XL = x*L1;     %compute inductive reactance of the transmission line of

                length 600 km
XL_pu = XL/ZB;       %compute pu value of inductive reactance of the

                      transmission line of length 600 km
 S2_opt = Xc2_opt./XL_pu      %compute optimum value of degree of series 

                              compensation of the transmission line
eta2_opt = (real(A3)^2-imag(A3)^2) + (real(B3)*real(C3)-imag(B3)*imag(C3)) – b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) – b.*(real(B3)^2-imag(B3)^2)./Xc2_opt 

                                              %compute optimum value of                    
                       compensation efficiency of the transmission line
4.4.2 VALUES IN COMMAND WINDOW
ZB =

  1.6024e+003

YB =

 6.2405e-004

z =

   0.0340 + 0.3250i

z_pu =

  2.1218e-005 +2.0282e-004i

y_pu =

        0 + 0.0059i

gamma =

0.8554 + 0.0011i

Zc =

   0.1857 – 0.0097i

A3 =

   0.9467 + 0.0055i

B3 =

   0.0061 + 0.0598i

C3 =

  -0.0033 + 1.7375i

D3 =

   0.9467 + 0.0055i

M3 =

   0.9467 + 0.0055i   0.0061 + 0.0598i

  -0.0033 + 1.7375i   0.9467 + 0.0055i

b =

    -3    -2    -1     0     1     2     3

K12 =

   -0.0027   -0.0149   -0.0370   -0.0689   -0.1106   -0.1621   -0.2235

K22 =

   -0.9743   -0.9331   -0.8900   -0.8449   -0.7979   -0.7489   -0.6980

K32 =

    0.1112    0.1090    0.1068    0.1045    0.1022    0.0997    0.0972

Xc2_opt =

    0.0994    0.1004    0.1014    0.1022    0.1027    0.1030    0.1027

B6 =

  Columns 1 through 6 

   0.0136 + 0.0282i   0.0134 + 0.0294i   0.0133 + 0.0307i   0.0131 + 0.0323i   0.0129 + 0.0341i   0.0128 + 0.0362i

  Column 7 

    0.0126 + 0.0387i

ans =

    0.0313    0.0323    0.0335    0.0348    0.0365    0.0384    0.0407

PR2_max =

   14.5749   14.5602   14.5075   14.4174   14.2924   14.1373   13.9595

S_opt =

    0.8170    0.8254    0.8331    0.8396    0.8443    0.8462    0.8439

eta2_opt =

    0.8554    0.8351    0.8140    0.7923    0.7700    0.7477    0.7257

>>

4.5 CASE 3

Scheme with series compensation and SVS located at the midpoint of the transmission line.

4.5.1 SCRIPT FILE
%Script file: case 3.m
%Purpose:
%       To calculate optimum value of series compensation reactance, maximum receiving end power, degree of series compensation and compensation efficiency for a compensated transmission line of length 600 km when series compensation and SVS are located at the midpoint of the transmission line.         
%----------------------------------------------------------------------
r = 0.034;        %resistance/ph/km in ohm/km of the transmission line
x = 0.325;        %reactance/ph/km in ohm/km of the transmission line
y = j*3.68e-006;  %susceptance/ph/km in mho/km of the transmission line
K = 1;            %ratio of sending end voltage to receiving end 

                   voltage of the transmission line
L1 = 600;         %length of the transmission line in km
L2 = 300;         %half length of the transmission line in km
MVAB = 33.3;      %base MVA/ph
kVB = 231;        %base kVB/ph
VR = 231;         %receiving end line voltage in kV/ph
%----------------------------------------------------------------------
VR_pu = VR/kVB;   %compute receiving end voltage in pu of the 

                   transmission line
ZB = kVB^2/MVAB   %compute base impedance
YB = 1/ZB         %compute base admittance
z = r+j*x;        %compute impedance of the transmission line
z_pu = z/ZB       %compute impedance in pu
y_pu = y/YB       %compute admittance in pu
gamma = sqrt(z_pu*y_pu)   %intrinsic impedance of the transmission line 
Zc = sqrt(z_pu/y_pu)      %compute characteristic impedance of the 

                           transmission line
A3 = cosh(gamma*L2)       %compute A parameter of the uncompensated 

                           transmission line
B3 = Zc*sinh(gamma*L2)    %compute B parameter of the uncompensated

                           transmission line
C3 = (1/Zc)*sinh(gamma*L2)    %compute C parameter of the uncompensated 

                               transmission line
D3 = A3     %compute D parameter of the uncompensated transmission line
M3 = [A3 B3; C3 D3]       %compute ABCD parameters of the uncompensated 

                           transmission line in matrix form
b = -3:+1:+3     %susceptances of SVS compensation in pu
K13 = -(b.*(real(A3)^2-imag(A3)^2) + (real(A3)*imag(C3)+imag(A3)*real(C3))).*(b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) + 2*real(A3)*imag(A3))    %compute constant K1 for case 3

K23 = b.*K*(real(A3)*imag(B3)+imag(A3)*real(B3)) – K*(real(A3)^2-imag(A3)^2) – ((real(A3)^2-imag(A3)^2) – b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) + (real(B3)*real(C3)-imag(B3)*imag(C3))).*(b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) 

+ 2*real(A3)*imag(A3)) – 2*((real(A3)*imag(C3)+imag(A3)*real(C3)) + b.*(real(A3)^2-imag(A3)^2)).*((real(A3)*real(B3)-imag(A3)*imag(B3))-b.*real(B3)*imag(B3))                   %compute constant K2 for case 3

K33 = 2*K*(real(A3)*imag(B3)+imag(A3)*real(B3)) + b.*K*(real(B3)^2-imag(B3)^2) – 2*((real(A3)^2-imag(A3)^2) – b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) + (real(B3)*real(C3)-imag(B3)*imag(C3))).*((real(A3)*real(B3)-imag(A3)*imag(B3)) – b.*real(B3)*imag(B3))                   %compute constant K3 for case 3

Xc3_opt = (2*(real(A3)*imag(B3)+imag(A3)*real(B3)).*(b.*K33-K23) – K23.*b.*(real(B3)^2-imag(B3)^2) – 2*K33.*(real(A3)^2-imag(A3)^2))./((real(A3)*imag(B3)+imag(A3)*real(B3)).*(4.*K13-K23.*b) + 2.*K13.*b.*(real(B3)^2-imag(B3)^2) + K23.*(real(A3)^2-imag(A3)^2))    

     %compute optimum value of series compensation reactance for case 3
B7 = 2*(real(A3)*real(B3)-imag(A3)*imag(B3)) – 2*b.*real(B3)*imag(B3) + (2*real(A3)*imag(A3) + b.*(real(A3)*real(B3) – imag(A3)*imag(B3))).*Xc3_opt + j*(2*(real(A3)*imag(B3)+imag(A3)*real(B3)) + b.*(real(B3)^2-imag(B3)^2)) + j*( b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) – (real(A3)^2-imag(A3)^2)).*Xc3_opt           %compute B parameter of the    

    compensated transmission line when series compensation reactance is   

    optimum
abs(B7)      %compute absolute value of B6 parameter of the compensated 

              transmission line
PR3_max_opt = (VR_pu^2./abs(B7).^2).*(K13.*Xc3_opt.^2 + K23.*Xc3_opt + K33)  %compute pu value of optimum value of maximum receiving end power
XL = x*L1;     %compute inductive reactance of the transmission line of 

                length 600 km
XL_pu = XL/ZB;          %compute pu value of inductive reactance of the 

                         transmission line of length 600 km
S3_opt = (Xc3_opt./XL_pu)    %compute optimum value of degree of series

                              compensation of the transmission line
 eta3_opt = (imag(2*A3*B3-B7))./Xc3_opt       %compute optimum value of 

                       compensation efficiency of the transmission line
4.5.2 VALUES IN COMMAND WINDOW

ZB =

  1.6024e+003

YB =

  6.2405e-004

z_pu =

  2.1218e-005 +2.0282e-004i

y_pu =

        0 + 0.0059i

gamma =

0.8563 + 0.0011i

Zc =

   0.1857 – 0.0097i

A3 =

   0.9467 + 0.0055i

B3 =

   0.0061 + 0.0598i

C3 =

  -0.0033 + 1.7375i

D3 =

   0.9467 + 0.0055i

M3 =

   0.9467 + 0.0055i   0.0061 + 0.0598i

  -0.0033 + 1.7375i   0.9467 + 0.0055i

b =

    -3    -2    -1     0     1     2     3

K13 =

   -0.0062   -0.0001   -0.0037   -0.0172   -0.0405   -0.0737   -0.1166

K23 =

   -1.0465   -1.0071   -0.9657   -0.9225   -0.8772   -0.8301   -0.7810

K33 =

    0.1112    0.1090    0.1068    0.1045    0.1022    0.0997    0.0972

Xc3_opt =

    0.0962    0.0974    0.0986    0.0998    0.1011    0.1022    0.1032

B7 =

  Columns 1 through 6 

   0.0126 + 0.0213i   0.0124 + 0.0220i   0.0122 + 0.0228i   0.0120 + 0.0238i   0.0118 + 0.0249i   0.0117 + 0.0262i

  Column 7 

   0.0115 + 0.0277i

ans =

    0.0248    0.0253    0.0259    0.0266    0.0275    0.0286    0.0300

PR3_max_opt =

   17.0869   17.2146   17.2940   17.3207   17.2911   17.2035   17.0584

S3_opt =

    0.7902    0.8002    0.8103    0.8205    0.8305    0.8398    0.8480

eta3_opt =

   0.9557    0.9368    0.9169    0.8961    0.8745    0.8521    0.8290

>>

4.6 CASE 4

Scheme with series compensation located at the receiving end and SVS at the midpoint of the transmission line.

4.6.1 SCRIPT FILE
%Script file: case 4.m
%Purpose:
%       To calculate optimum value of series compensation reactance, maximum receiving end power, degree of series compensation and compensation efficiency for a compensated transmission line of length 600 km when series compensation is located at the receiving end and SVS is located at the midpoint of the transmission line.          
%----------------------------------------------------------------------
r = 0.034;        %resistance/ph/km in ohm/km of the transmission line
x = 0.325;        %reactance/ph/km in ohm/km of the transmission line
y = j*3.68e-006;  %susceptance/ph/km in mho/km of the transmission line
K = 1;            %ratio of sending end voltage to receiving end 

                   voltage of the transmission line
L1 = 600;         %length in km of the transmission line
L2 = 300;         %half length in km of the transmission line
MVAB = 33.3;      %base MVA/ph
kVB = 231;        %base kVB/ph
VR = 231;         %receiving end line voltage in kV/ph
%----------------------------------------------------------------------
VR_pu = VR/kVB;   %compute receiving end voltage in pu of the 

                   transmission line
ZB = kVB^2/MVAB   %compute base impedance
YB = 1/ZB         %compute base admittance
z = r+j*x         %compute impedance of the transmission line
z_pu = z/ZB       %compute impedance in pu
y_pu = y/YB       %compute admittance in pu
gamma = sqrt(z_pu*y_pu)   %intrinsic impedance of the transmission line 

                           per km
Zc = sqrt(z_pu/y_pu)   %compute characteristic impedance of the 

                        transmission line
A3 = cosh(gamma*L2)   %compute A parameter of the uncompensated 

                       transmission line of length 300 km
B3 = Zc*sinh(gamma*L2)   %compute B parameter of the uncompensated

                          transmission line of length 300 km
C3 = 1/Zc*sinh(gamma*L2)   %compute C parameter of the uncompensated 

                            transmission line of length 300 km
D3 = A3   %compute D parameter of the uncompensated transmission line 

           of length 300 km
M3 = [A3 B3;C3 D3]   %compute ABCD parameters of the uncompensated 

                      transmission line of length 300 km in matrix form
b = -3:+1:+3    %susceptances of SVS compensation in pu
K14 = 0;        %compute constant K1 for case 4
K24 = (b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) – (real(A3)^2-imag(A3)^2) – (real(B3)*real(C3)-imag(B3)*imag(C3))).*(K + b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) + 2*real(A3)*imag(A3) + (real(B3)*imag(C3)+imag(B3)*real(C3)))  %compute constant K2 for case 4

K34 = 2*(real(A3)*imag(B3)+imag(A3)*real(B3)).*(K + b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) – b.^2.*real(B3)*imag(B3)) + K*b.*(real(B3)^2-imag(B3)^2) – 2*(real(A3)^2-imag(A3)^2).*((real(A3)*real(B3)-imag(A3)*real(B3)) – b.*real(B3)*imag(B3)) – 2*(real(B3)*real(C3)-imag(B3)*imag(C3)).*((real(A3)*real(B3)-imag(A3)*imag(B3)) – b.*real(B3)*imag(B3))     %compute constant K3 for case 4

Xc4_opt = (K24.*(2*(real(A3)*imag(B3)+imag(A3)*real(B3)) + b.*(real(B3)^2-imag(B3)^2)) – 2*K34.*(b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) – (real(A3)^2-imag(A3)^2) – (real(B3)*real(C3)-imag(B3)*imag(C3))))./(K24.*(b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) – (real(A3)^2-imag(A3)^2) – (real(B3)*real(C3)-imag(B3)*imag(C3))))      

     %compute optimum value of series compensation reactance for case 4
B8 = 2*(real(A3)*real(B3)-imag(A3)*imag(B3)) – 2.*b.*real(B3)*imag(B3) + (b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) + (real(B3)*imag(C3) + imag(B3)*real(C3)) + 2*real(A3)*imag(A3)).*Xc4_opt + j*(2*(real(A3)*imag(B3)+imag(A3)*real(B3)) + b.*(real(B3)^2-imag(B3)^2)) + j*(b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) – (real(B3)*real(C3)-imag(B3)*imag(C3)) – (real(A3)^2-imag(A3)^2)).*Xc4_opt           %compute B parameter of the compensated 

        transmission line when series compensation reactance is optimum
abs(B8)      %compute absolute value of B6 parameter of the compensated 

              transmission line
PR4_max = (VR_pu^2./abs(B8).^2).*(K14.*Xc4_opt.^2 + K24.*Xc4_opt + K34)    

      %compute pu value of optimum value of maximum receiving end power
XL = x*L1      %compute inductive reactance of the transmission line of 

                length 600 km
XL_pu = XL/ZB   %compute pu value of inductive reactance of the

                 transmission line of length 600 km
S4_opt = (Xc4_opt./XL_pu)    %compute optimum value of degree of series 

                             compensation of the transmission line
eta4_opt = (imag(2*A3*B3)-imag(B8))./Xc4_opt     %compute optimum value 

                    of compensation efficiency of the transmission line
4.6.2 VALUES IN COMMAND WINDOW
ZB =

  1.6024e+003

YB =

  6.2405e-004

z =

   0.0340 + 0.3250i

z_pu =

  2.1218e-005 +2.0282e-004i

y_pu =

        0 + 0.0059i

gamma =

0.8563 + 0.0011i

Zc =

   0.1857 – 0.0097i

A3 =

   0.9467 + 0.0055i

B3 =

   0.0061 + 0.0598i

C3 =

  -0.0033 + 1.7375i

D3 =

  0.9467 + 0.0055i

M3 =

   0.9467 + 0.0055i   0.0061 + 0.0598i

  -0.0033 + 1.7375i   0.9467 + 0.0055i

b =

    -3    -2    -1     0     1     2     3

K24 =

   -0.9664   -0.9145   -0.8620   -0.8088   -0.7551   -0.7007   -0.6457

K34 =

    0.1106    0.1085    0.1063    0.1040    0.1016    0.0992    0.0966

Xc4_opt =

    0.1003    0.1045    0.1091    0.1143    0.1201    0.1268    0.1345

B8 =

  Columns 1 through 6 

   0.0136 + 0.0274i   0.0135 + 0.0257i   0.0134 + 0.0242i   0.0134 + 0.0227i   0.0134 + 0.0213i   0.0135 + 0.0201i

  Column 7 

   0.0138 + 0.0189i

ans =

    0.0306    0.0290    0.0276    0.0263    0.0252    0.0242    0.0234

PR4_max =

   14.7068   15.4085   16.0831   16.7063   17.2464   17.6624   17.9030

XL =

   195

XL_pu =

    0.1217

S4_opt =

    0.8239    0.8584    0.8965    0.9391    0.9870    1.0417    1.1050

eta4_opt =

    0.8563    0.8378    0.8165    0.7923    0.7651    0.7348    0.7013

>>

4.7 CASE 5

Scheme with series compensation and SVS located at the sending end of the transmission line.

 4.7.1 SCRIPT FILE
%Script file: case 5.m
%Purpose:
%       To calculate optimum value of series compensation reactance, maximum receiving end power, degree of series compensation and compensation efficiency for a compensated transmission line of length 600 km when both, series compensation and SVS are located at the sending end of the transmission line.         
%----------------------------------------------------------------------
r = 0.034;        %resistance/ph/km in ohm/km of the transmission line
x = 0.325;        %reactance/ph/km in ohm/km of the transmission line
y = j*3.68e-006;  %susceptance/ph/km in mho/km of the transmission line
L1 = 600;         %length in km of the transmission line
K = 1;            %ratio of sending end voltage to receiving end

                   voltage of the transmission line
MVAB = 33.3;      %base MVA/ph

kVB = 231;        %base kVB/ph
VR = 231;         %receiving end line voltage in kV/ph
%----------------------------------------------------------------------
VR_pu = VR/kVB;   %compute receiving end voltage in pu of the 

                   transmission line
ZB = kVB^2/MVAB   %compute base impedance
YB = 1/ZB         %compute base admittance
z = r+j*x         %compute impedance of the transmission line
z_pu = z/ZB       %compute impedance in pu
y_pu = y/YB       %compute admittance in pu
gamma = sqrt(z_pu*y_pu);   %intrinsic impedance of the transmission

                            line per km
Zc = sqrt(z_pu/y_pu)   %compute characteristic impedance of the

                        transmission line 
A1 = cosh(gamma*L1)   %compute A parameter of the uncompensated 

                       transmission line of length 600 km
B1 = Zc*sinh(gamma*L1)   %compute B parameter of the uncompensated 

                          transmission line of length 600 km
C1 = 1/Zc*sinh(gamma*L1) %compute C parameter of the uncompensated 

                          transmission line of length 600 km
D1 = A1;   %compute D parameter of the uncompensated transmission line 

            of length 600 km
M1 = [A1 B1; C1 D1]  %compute ABCD parameters of the uncompensated 

                      transmission line of length 600 km in matrix form
b = -3:+1:+3     %susceptances of SVS compensation in pu
K15 = -(imag(A1)*imag(C1) + b.*real(A1)*imag(A1) + b.*real(B1)*imag(C1) + b.^2*real(A1)*real(B1))   %compute constant K1 for case 5
K25 = -(K*real(A1) - b.*K*imag(B1) + real(A1)*imag(A1) + 2*b.*real(A1)*real(B1) + real(B1)*imag(C1))   %compute constant K2 for

                                               case 5
K35 = K*imag(B1) - real(A1)*real(B1)    %compute constant K3 for case 5
Xc5_opt = (2*b.*K35.*imag(B1) - K25.*imag(B1) - 2.*K35.*real(A1))./(2.*K15.*imag(B1) + K25.*real(A1) - b.*K25*imag(B1))    

     %compute optimum value of series compensation reactance for case 5
B9 = real(B1) + (b.*real(B1) + imag(A1)).*Xc5_opt + j*(imag(B1) + (b.*imag(B1) - real(A1)).*Xc5_opt)          %compute B parameter of the

    compensated transmission line when series compensation reactance is

    optimum
abs(B9)   %compute absolute value of B6 parameter of the compensated

           transmission line
  PR5_max = (VR_pu^2./abs(B9).^2).*(K15.*Xc5_opt.^2 + K25.*Xc5_opt + K35)    

      %compute pu value of optimum value of maximum receiving end power 
XL = x*L1;     %compute inductive reactance of the transmission line of 

                length 600 km
XL_pu = XL/ZB        %compute pu value of inductive reactance of the 

                      transmission line of length 600 km
S5_opt = (Xc5_opt./XL_pu)    %compute optimum value of degree of series 

                              compensation of the transmission line
eta5_opt = imag(B1-B9)./Xc5_opt       %compute optimum value of 

                       compensation efficiency of the transmission line
4.7.2 VALUES IN COMMAND WINDOW

ZB =

  1.6024e+003

YB =

  6.2405e-004

z =

   0.0340 + 0.3250i

z_pu =

  2.1218e-005 +2.0282e-004i

y_pu =

        0 + 0.0059i

Zc =

   0.1857 - 0.0097i

A1 =

   0.7923 + 0.0209i

B1 =

   0.0110 + 0.1132i

C1 =

 -0.0254 + 3.2896i

M1 =

   0.7923 + 0.0209i   0.0110 + 0.1132i

  -0.0254 + 3.2896i   0.7923 + 0.0209i

b =

    -3    -2    -1     0     1     2     3

K15 =

    0.0109    0.0017   -0.0249   -0.0689   -0.1302   -0.2089   -0.3050

K25 =

   -1.1325   -1.0366   -0.9408   -0.8449   -0.7490   -0.6532   -0.5573

K35 =

    0.1045

Xc5_opt =

    0.0848    0.0906    0.0966    0.1022    0.1062    0.1064    0.0981

B9 =

  Columns 1 through 6 

   0.0099 + 0.0173i   0.0109 + 0.0209i   0.0119 + 0.0258i   0.0131 + 0.0323i   0.0144 + 0.0411i   0.0155 + 0.0530i

  Column 7 

   0.0162 + 0.0688i

ans =

    0.0199    0.0236    0.0284    0.0348    0.0435    0.0553    0.0707

PR5_max =

   21.7037   19.1281   16.6798   14.4174   12.4042   10.7051    9.3837

XL_pu =

    0.1217

S5_opt =

    0.6966    0.7444    0.7936    0.8396    0.8730    0.8741    0.8063

eta5_opt =

    1.1320    1.0187    0.9055    0.7923    0.6790    0.5658    0.4526

>>

4.8 CASE 6

Scheme with series compensation and SVS located at the receiving end of the transmission line.

 4.8.1 SCRIPT FILE
%Script file: case 6.m
%Purpose:
%       To calculate optimum value of series compensation reactance, maximum receiving end power, degree of series compensation and compensation efficiency for a compensated transmission line of length 600 km when both, series compensation and SVS are located at the receiving end of the transmission line.           
%----------------------------------------------------------------------
r = 0.034;        %resistance/ph/km in ohm/km of the transmission line
x = 0.325;        %reactance/ph/km in ohm/km of the transmission line
y = j*3.68e-006;  %susceptance/ph/km in mho/km of the transmission line
L1 = 600;         %length in km of the transmission line
K = 1;            %ratio of sending end voltage to receiving end 

                   voltage of the transmission line
MVAB = 33.3;      %base MVA/ph
kVB = 231;        %base kVB/ph
VR = 231;         %receiving end line voltage in kV/ph
%----------------------------------------------------------------------
VR_pu = VR/kVB;   %compute receiving end voltage in pu of the 

                   transmission line
ZB = kVB^2/MVAB   %compute base impedance
YB = 1/ZB         %compute base admittance
z = r+j*x;        %compute impedance of the transmission line
z_pu = z/ZB       %compute impedance in pu
y_pu = y/YB       %compute admittance in pu
gamma = sqrt(z_pu*y_pu)   %intrinsic impedance of the transmission line 

                           per km
Zc = sqrt(z_pu/y_pu)           %compute characteristic impedance of the

                                transmission line 
A1 = cosh(gamma*L1)           %compute A parameter of the uncompensated 

                               transmission line of length 600 km
B1 = Zc*sinh(gamma*L1)        %compute B parameter of the uncompensated 

                               transmission line of length 600 km 
C1 = 1/Zc*sinh(gamma*L1)      %compute C parameter of the uncompensated 

                               transmission line of length 600 km
D1 = A1;    %compute D parameter of the uncompensated transmission line 

             of length 600 km
M1 = [A1 B1;C1 D1]        %compute ABCD parameters of the uncompensated 

                      transmission line of length 600 km in matrix form
b = -3:+1:+3                    %susceptances of SVS compensation in pu
K16 = - b.*real(A1)*imag(A1)            %compute constant K1 for case 6
K26 = - (K*real(A1) + real(A1)*imag(A1) +b.*( real(A1)*real(B1) - imag(A1)*imag(B1)))   %compute constant K2 for case 6
K36 = K*imag(B1) - real(A1)*real(B1) + b.*real(B1)*imag(B1)    %compute 

                                                 constant K3 for case 6
Xc6_opt = -(K26.*imag(B1) + 2*K36.*real(A1))./(2.*K16.*imag(B1) + K26.*real(A1))            %compute optimum value of series compensation 

                           reactance for case 6
B10 = real(B1) + imag(A1).*Xc6_opt + j*(imag(B1) - real(A1).*Xc6_opt)     

  %compute B parameter of the compensated transmission line when series
   compensation reactance is optimum
abs(B10)     %compute absolute value of B10 parameter of the    

              compensated transmission line

PR6_max = (VR_pu^2./abs(B10).^2).*(K16.*Xc6_opt.^2 + K26.*Xc6_opt + K36)  %compute pu value of optimum value of maximum receiving end power
XL = x*L1;     %compute inductive reactance of the transmission line of

                transmission line of length 600 km
 XL_pu = XL/ZB;         %compute pu value of inductive reactance of the 

S6_opt=(Xc6_opt./XL_pu)      %compute optimum value of degree of series 

                              compensation of the transmission line
eta6_opt = imag(B1-B10)./Xc6_opt              %compute optimum value of 

                       compensation efficiency of the transmission line
4.8.2 VALUES IN COMMAND WINDOW
ZB =

  1.6024e+003

YB =

  6.2405e-004

z_pu =

  2.1218e-005 +2.0282e-004i

y_pu =

        0 + 0.0059i

gamma =

   0.0001 + 0.0011i

Zc =

   0.1857 - 0.0097i

A1 =

   0.7923 + 0.0209i

B1 =

   0.0110 + 0.1132i

C1 =

  -0.0254 + 3.2896i

M1 =

   0.7923 + 0.0209i   0.0110 + 0.1132i

  -0.0254 + 3.2896i   0.7923 + 0.0209i

b =

    -3    -2    -1     0     1     2     3

K16 =

    0.0498    0.0332    0.0166         0   -0.0166   -0.0332   -0.0498

K26 =

   -0.7899   -0.7962   -0.8025   -0.8088   -0.8152   -0.8215   -0.8278

K36 =

    0.1008    0.1021    0.1033    0.1045    0.1058    0.1070    0.1083

Xc6_opt =

    0.1144    0.1148    0.1152    0.1156    0.1160    0.1163    0.1167

B10 =

  Columns 1 through 6 

   0.0134 + 0.0226i   0.0134 + 0.0223i   0.0134 + 0.0220i   0.0134 + 0.0217i   0.0134 + 0.0214i   0.0134 + 0.0211i

  Column 7 

   0.0134 + 0.0208i

ans =

    0.0262    0.0260    0.0257    0.0255    0.0252    0.0250    0.0247

PR6_max =

   16.1176   16.4313   16.7447   17.0578   17.3703   17.6824   17.9937

S6_opt =

    0.9403    0.9436    0.9468    0.9499    0.9529    0.9558    0.9587

eta6_opt =

    0.7923    0.7923    0.7923    0.7923    0.7923    0.7923    0.7923

>>

(B)  PLOTS (PR_max_pu vs S)

4.9 CASE 1 (PR1_max_pu vs S)

Plot of maximum receiving end power in pu against degree of series compensation for a series compensated transmission line of length 600 km without SVS.

4.9.1 SCRIPT FILE

%Script file: Plot PR1_max_pu vs S
%Purpose:
%       It plots maximum receiving end power in pu against degree of    series compensation for case 1.
%----------------------------------------------------------------------
x = 0.325;          %reactance/ph/km in ohm/km of the transmission line
MVAB=33.3;          %base MVA/ph

VR = 231;           %receiving end line voltage in kV/ph 
kVB=231;            %base kVB/ph
ZB=kVB^2/MVAB;      %compute base impedance
L1 = 600;           %length in km of the transmission line
K = 1;              %ratio of sending end voltage to receiving end 

                     voltage of the transmission line
%----------------------------------------------------------------------
VR_pu = VR/kVB      %compute receiving end voltage in pu
XL = x*L1;          %compute inductive reactance of the transmission 

                     line of length 600 km
XL_pu = XL/ZB       %compute pu value of inductive reactance of the 

                     transmission line of length 600 km
A1 = 0.7923 + 0.0209i;
B1 = 0.0110 + 0.1132i;
C1 = -0.0254 + 3.2896i;
A3 = 0.9467 + 0.0055i;
B3 = 0.0061 + 0.0598i;
C3 = -0.0033 + 1.7375i;
K11a = -imag(A1)*imag(C1);
K21a = - (K*real(A1) + real(A1)*imag(A1) + real(B1)*imag(C1));
K31a = K*imag(B1) - real(A1)*real(B1);
K11b = - (2*real(A3)*imag(A3))*(real(A3)*imag(C3)+imag(A3)*real(C3));
K21b = -(real(A3)^2-imag(A3)^2)*(K + 2*real(A3)*imag(A3)) - 2*real(A3)*imag(A3)*(real(B3)*real(C3) - imag(B3)*imag(C3)) - 2*(real(A3)*real(B3) - imag(A3)*imag(B3))*(real(A3)*imag(C3) + imag(A3)*real(C3));
K31b = 2*K*(real(A3)*imag(B3) + imag(A3)*real(B3)) - 2*(real(A3)*real(B3) - imag(A3)*imag(B3))*((real(A3)^2-imag(A3)^2) + real(B3)*real(C3)-imag(B3)*imag(C3));
K11c = 0;
K21c = -real(A1)*(K + imag(A1));
K31c = K*imag(B1) - real(A1)*real(B1);
S = 0.0:1.00:100;
Xc_pu = S*XL_pu/100;    %compute pu value of capacitive reactance of 

                         the series compensation
K1a = K11a.*Xc_pu.^2 + K21a.*Xc_pu + K31a
K1b = K11b.*Xc_pu.^2 + K21b.*Xc_pu + K31b
K1c = K11c.*Xc_pu.^2 + K21c.*Xc_pu + K31c
PR1a_max_pu = VR_pu^2*(K11a.*Xc_pu.^2 + K21a.*Xc_pu + K31a)./(imag(B1) - real(A1).*Xc_pu).^2
PR1b_max_pu = VR_pu^2*(K11b.*Xc_pu.^2 + K21b.*Xc_pu + K31b)./(2*(real(A3)*imag(B3) + imag(A3)*real(B3)) - (real(A3)^2 - imag(A3)^2).*Xc_pu).^2
PR1c_max_pu = VR_pu^2*(K11c.*Xc_pu.^2 + K21c.*Xc_pu + K31c)./(imag(B1) - real(A1).*Xc_pu).^2
plot(S,PR1a_max_pu,'r',S,PR1b_max_pu,'b',S,PR1c_max_pu,'g')
axis([0 100 1.00 25.00])
xlabel ('degree of series compensation(S)')    %Put xlabel
ylabel ('PR_max_pu')                           %Put ylabel
title ('Variation of PR_max_pu with degree of series compensation')   

                                               %Put title
legend ('a','b','c')                           %Add legend  

4.9.2 PLOT
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Figure 4.1 Variation of maximum receiving end power with degree of series compensation for case 1

4.10 CASE 2 (PR2_max_pu vs S)
Plot of maximum receiving end power in pu against degree of series compensation for a compensated transmission line of length 600 km with series compensation at the sending end and SVS at midpoint.

4.10.1 SCRIPT FILE

%Scricpt file: Plot PR2_pu vs S
%Purpose:
%       It plots maximum receiving end power in pu against degree of series compensation for case 2.
%----------------------------------------------------------------------
 x = 0.325;        %reactance/ph/km in ohm/km of the transmission line
L1 = 600;          %length in km of the transmission line
K = 1;             %ratio of sending end voltage to receiving end 

                    voltage of the transmission line
XL = x*L1;         %compute inductive reactance of the transmission 

                    line of length 600 km
MVAB = 33.3;       %base MVA/ph
kVB = 231;         %base kVB/ph
VR = 231;          %receiving end line voltage in kV/ph 
ZB = kVB^2/MVAB;   %compute base impedance
%----------------------------------------------------------------------
VR_pu = VR/kVB     %compute receiving end voltage in pu
XL_pu = XL/ZB      %compute pu value of inductive reactance of the 

                    transmission line of length 600 km
A3 = 0.9467 + 0.0055i;
B3 = 0.0061 + 0.0598i;
C3 = -0.0033 + 1.7375i;
S = 0.00:1.00:100;
Xc_pu = S*XL_pu/100;   %compute pu value of capacitive reactance of the 

                        series compensation
 for b = -3:1:3
    K12 = -(b*(real(A3)*real(B3)-imag(A3)*imag(B3)) + (real(B3)*imag(C3)+imag(B3)*real(C3)) + 2*real(A3)*imag(A3))*(b*(real(A3)^2-imag(A3)^2) + 2*(real(A3)*imag(C3)+imag(A3)*real(C3)))
   K22 = (b*K*(real(A3)*imag(B3)+imag(A3)*real(B3)) - K*(real(B3)*real(C3)-imag(B3)*imag(C3)) - K*(real(A3)^2-imag(A3)^2)) - ((real(A3)^2-imag(A3)^2) - b*(real(A3)*imag(B3)+imag(A3)*real(B3)) + (real(B3)*real(C3)-imag(B3)*imag(C3)))*(b*(real(A3)*real(B3)-imag(A3)*imag(B3)) + (real(B3)*imag(C3)+imag(B3)*real(C3)) + 2*real(A3)*imag(A3)) - (b*(real(A3)^2-imag(A3)^2) + 2*(real(A3)*imag(C3)+imag(A3)*real(C3)))*(2*(real(A3)*real(B3)-imag(A3)*imag(B3)) - 2*b*(real(B3)*imag(B3)))
   K32 = 2*K*(real(A3)*imag(B3)+imag(A3)*real(B3)) + K*b*(real(B3)^2-imag(B3)^2) - ((real(A3)^2-imag(A3)^2) - b*(real(A3)*imag(B3)+imag(A3)*real(B3)) + (real(B3)*real(C3)-imag(B3)*imag(C3)))*(2*(real(A3)*real(B3)-imag(A3)*imag(B3)) - 2*b*real(B3)*imag(B3))
    B6 =(2*(real(A3)*real(B3)-imag(A3)*imag(B3)) - 2*b.*real(B3)*imag(B3)) + (b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) + (real(B3)*imag(C3)+imag(B3)*real(C3)) + 2*real(A3)*imag(A3)).*Xc_pu + j*(2*(real(A3)*imag(B3)+imag(A3)*real(B3)) + b*(real(B3)^2-imag(B3)^2)) + j*(b*(real(A3)*imag(B3)+imag(A3)*real(B3)) – 

(real(B3)*real(C3)-imag(B3)*imag(C3)) - (real(A3)^2-imag(A3)^2)).*Xc_pu 

    abs(B6)
    K2 = K12.*Xc_pu.^2 + K22.*Xc_pu + K32;
    PR2_max_pu = VR_pu^2.*K2./abs(B6).^2 
  if b == -3  
     plot(S,PR2_max_pu,'r')
     axis([0 100 1.00 20.00])
     xlabel ('degree of series compensation(S)')    %Put xlabel
     ylabel ('PR_max_pu')                           %Put ylabel
     title ('Variation of PR_max_pu with degree of series compensation')                                      %Put title

     hold on
  end
   if b == -2
     plot(S,PR2_max_pu,'b')
     axis([0 100 1.00 20.00])
     hold on
  end
   if b == -1
     plot(S,PR2_max_pu,'g')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 0
     plot(S,PR2_max_pu,'c')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 1
     plot(S,PR2_max_pu,'m')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 2
     plot(S,PR2_max_pu,'k')
     axis([0 100 1.00 20.00])
     hold on
  end 
  if b == 3
     plot(S,PR2_max_pu,'y')
     axis([0 100 1.00 20.00])
     hold off
  end    
end 

4.10.2 PLOT
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Figure 4.2 Variation of maximum receiving end power with degree of series compensation for case 2

4.11 CASE 3 (PR3_max_pu vs S)

Plot of maximum receiving end power in pu against degree of series compensation for a compensated transmission line of length 600 km with midpoint series compensation and SVS.

4.11.1 SCRIPT FILE

%Scricpt file: Plot PR3_pu vs S
%Purpose:
%       It plots maximum receiving end power in pu against degree of series compensation for case 3.
%----------------------------------------------------------------------
x = 0.325;          %reactance/ph/km in ohm/km of the transmission line
L1 = 600;           %length in km of the transmission line
K = 1;              %ratio of sending end voltage to receiving end 

                     voltage of the transmission line
XL = x*L1;          %compute inductive reactance of the transmission 

                     line of length 600 km
MVAB = 33.3;        %base MVA/ph
kVB = 231;          %base kVB/ph
VR = 231;           %receiving end line voltage in kV/ph
ZB = kVB^2/MVAB;    %compute base impedance
VR_pu = VR/kVB;     %compute receiving end voltage in pu
XL_pu = XL/ZB       %compute pu value of inductive reactance of the 

                     transmission line of length 600 km
A3 = 0.9467 + 0.0055i;
B3 = 0.0061 + 0.0598i;
C3 = -0.0033 + 1.7375i;
S = 0.00:1.00:100;
Xc_pu = S*XL_pu/100;   %compute pu value of capacitive reactance of the 

                        series compensation
for b = -3:1:3
    K13 = -(b.*(real(A3)^2-imag(A3)^2) + (real(A3)*imag(C3)+imag(A3)*real(C3))).*(b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) + 2*real(A3)*imag(A3))
   K23 = b.*K*(real(A3)*imag(B3)+imag(A3)*real(B3)) - K*(real(A3)^2-imag(A3)^2) - ((real(A3)^2-imag(A3)^2) - b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) + (real(B3)*real(C3)-imag(B3)*imag(C3))).*(b.*(real(A3)*real(B3)-imag(A3)*imag(B3)) + 2*real(A3)*imag(A3)) - 2*((real(A3)*imag(C3)+imag(A3)*real(C3)) + b.*(real(A3)^2-imag(A3)^2)).*((real(A3)*real(B3)-imag(A3)*imag(B3))-b.*real(B3)*imag(B3))
   K33 = 2*K*(real(A3)*imag(B3)+imag(A3)*real(B3)) + b.*K*(real(B3)^2-imag(B3)^2) - 2*((real(A3)^2-imag(A3)^2) - b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) + (real(B3)*real(C3)-imag(B3)*imag(C3))).*((real(A3)*real(B3)-imag(A3)*imag(B3)) - b.*real(B3)*imag(B3))
    B7 =2*(real(A3)*real(B3)+imag(A3)*imag(B3)) - 2*b.*real(B3)*imag(B3) + 2*real(A3)*imag(A3).*Xc_pu + b.*(real(A3)*real(B3) - imag(A3)*imag(B3)).*Xc_pu + j*(2*(real(A3)*imag(B3)+imag(A3)*real(B3)) + b.*(real(B3)^2-imag(B3)^2)) + j*( b.*(real(A3)*imag(B3)+imag(A3)*real(B3)) - (real(A3)^2-imag(A3)^2)).*Xc_pu
    abs(B7)
    K3 = K13.*Xc_pu.^2 + K23.*Xc_pu + K33;
    PR3_pu =VR_pu^2.*K3./abs(B7).^2;
  if b == -3
     plot(S,PR3_pu,'r')
     axis([0 100 1.00 20.00])
     xlabel('degree of series compensation(S)')    %Put xlabel
     ylabel('PR_pu')                               %Put ylabel
     title('Variation of PR_pu with degree of series compensation')

                                                   %Put title           
     hold on 
  end
  if b == -2
     plot(S,PR3_pu,'b')
     axis([0 100 1.00 20.00])
     hold on
  end 
  if b == -1
     plot(S,PR3_pu,'g')
     axis([0 100 1.00 20.00])
     hold on
  end 
  if b == 0
     plot(S,PR3_pu,'c')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 1
     plot(S,PR3_pu,'m')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 2
     plot(S,PR3_pu,'k')
     axis([0 100 1.00 20.00])
     hold on 
  end
  if b == 3
     plot(S,PR3_pu,'y')
     axis([0 100 1.00 20.00])
     hold on 
  end 
end

4.11.2 PLOT
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Figure 4.3 Variation of maximum receiving end power with degree of series compensation for case 3

4.12 CASE 4 (PR4_max_pu vs S)

Plot of maximum receiving end power in pu against degree of series compensation for a compensated transmission line of length 600 km with series compensation at the receiving end and SVS at the midpoint.

4.12.1 SCRIPT FILE 

%Scricpt file: plot PR4_max_pu vs S
%Purpose:
%        It plots maximum receiving end power in pu against degree of series compensation for case 4.

%----------------------------------------------------------------------
x = 0.325;          %reactance/ph/km in ohm/km of the transmission line
Z0 = 297.1788;      %surge impedance of the transmission line
L1 = 600;           %length in km of the transmission line
K = 1;              %ratio of sending end voltage to receiving end 

                     voltage of the transmission line                
MVAB = 33.3;        %base MVA/ph
kVB = 231;          %base kVB/ph
VR = 231;           %receiving end line voltage in kV/ph
VR_pu = VR/kVB;     %compute receiving end voltage in pu
ZB = kVB^2/MVAB;    %compute base impedance
XL = x*L1;          %compute inductive reactance of the transmission 

                     line of length 600 km
XL_pu = XL/ZB       %compute pu value of inductive reactance of the 

                    transmission line of length 600 km

A3 = 0.9467 + 0.0055i;
B3 = 0.0061 + 0.0598i;
C3 = -0.0033 + 1.7375i;
S = 0.00:1.00:100;
Xc_pu = S*XL_pu/100;

for b = -3:1:3

    K14 = 0;
    K24 = (b*(real(A3)*imag(B3)+imag(A3)*real(B3)) - (real(A3)^2-imag(A3)^2) - (real(B3)*real(C3)-imag(B3)*imag(C3)))*(K + b*(real(A3)*real(B3) - imag(A3)*imag(B3)) + 2*real(A3)*imag(A3) + (real(B3)*imag(C3) + imag(B3)*real(C3)));
    K34 = (2*K*(real(A3)*imag(B3) + imag(A3)*real(B3)) + K*b*(real(B3)^2-imag(B3)^2)) - ((real(A3)^2 - imag(A3)^2) - b*(real(A3)*imag(B3) + imag(A3)*real(B3)) + (real(B3)*real(C3) - imag(B3)*imag(C3)))*(2*(real(A3)*real(B3) - imag(A3)*imag(B3)) - 2*b*real(B3)*imag(B3));
    B8 = 2*(real(A3)*real(B3)-imag(A3)*imag(B3)) - 2*b*real(B3)*imag(B3) + (b*(real(A3)*real(B3)-imag(A3)*imag(B3)) + (real(B3)*imag(C3) + imag(B3)*real(C3)) + 2*real(A3)*imag(A3)).*Xc_pu + j*(2*(real(A3)*imag(B3) + imag(A3)*real(B3)) + b*(real(B3)^2-imag(B3)^2)) + j*(b*(real(A3)*imag(B3) + imag(A3)*real(B3)) - (real(B3)*real(C3) - imag(B3)*imag(C3)) - (real(A3)^2 - imag(A3)^2)).*Xc_pu
    abs(B8)
    K4 = K14.*Xc_pu.^2 + K24.*Xc_pu + K34;
    PR4_pu = VR_pu^2.*K4./(abs(B8).^2)
  if b == -3
     plot(S,PR4_pu,'r')
     axis([0 100 1.00 30.00])
     hold on
  end  
  if b == -2
     plot(S,PR4_pu,'b')
     axis([0 100 1.00 30.00])
     hold on
  end  
   if b == -1
      plot(S,PR4_pu,'g')
      axis([0 100 1.00 30.00])
      hold on
   end
   if b == 0
      plot(S,PR4_pu,'c')
      axis([0 100 1.00 30.00])
      hold on
   end
   if b == 1
      plot(S,PR4_pu,'m')
      axis([0 100 1.00 30.00])
      hold on
   end
   if b == 2
      plot(S,PR4_pu,'k')
      axis([0 100 1.00 30.00])
      hold on
   end
   if b == 3
      plot(S,PR4_pu,'y')
      axis([0 100 1.00 30.00])
      hold off
   end 
end
4.12.2 PLOT
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Figure 4.4 Variation of maximum receiving end power with degree of series compensation for case 4

4.13 CASE 5 (PR5_max_pu vs S)

Plot of maximum receiving end power in pu against degree of series compensation for a compensated transmission line of length 600 km with sending end series compensation and SVS.

4.13.1 SCRIPT FILE 
%Scricpt file: plotPR5_max_pu vs S
%Purpose:
%       It plots maximum receiving end power in pu against degree of series compensation for case 5.
%----------------------------------------------------------------------
x = 0.325;          %reactance/ph/km in ohm/km of the transmission line
L1 = 600;           %length in km of the transmission line
K = 1;              %ratio of sending end voltage to receiving end 

                     voltage of the transmission line
MVAB=33.3;          %base MVA/ph

VR = 231;           %receiving end line voltage in kV/ph 
kVB=231;            %base kVB/ph
ZB=kVB^2/MVAB       %compute base impedance
XL = x*L1;          %compute inductive reactance of the transmission 

                     line of length 600 km
XL_pu = XL/ZB       %compute pu value of inductive reactance of the 

                    transmission line of length 600 km
A1 = 0.7923 + 0.0209i;
B1 = 0.0110 + 0.1132i;
C1 = -0.0254 + 3.2896i;
S = 0:1:100;
Xc_pu = S*XL_pu/100;
for b = -3:1:3

    K15 = -(imag(A1)*imag(C1) + b*real(A1)*imag(A1) + b*real(B1)*imag(C1) + b^2*real(A1)*real(B1))
    K25 = -(K*real(A1) - b*K*imag(B1) + real(A1)*imag(A1) + 2*b*real(A1)*real(B1) + real(B1)*imag(C1))
    K35 = K*imag(B1) - real(A1)*real(B1)
    K5 = K15.*Xc_pu.^2 + K25.*Xc_pu + K35
    B9 = real(B1) + (b*real(B1) + imag(A1)).*Xc_pu + j*(imag(B1) + (b*imag(B1) - real(A1)).*Xc_pu)
    abs(B9)
    PR5_pu = VR_pu^2.*K5./abs(B9).^2
 if b == -3
    plot(S,PR5_pu,'r')
    axis([0 100 1.00 20.00])
    hold on
 end
 if b == -2
    plot(S,PR5_pu,'b')
    axis([0 100 1.00 20.00])
    hold on
 end 
  if b == -1
     plot(S,PR5_pu,'g')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 0
     plot(S,PR5_pu,'c')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 1
     plot(S,PR5_pu,'m')
     axis([0 100 1.00 20.00])
     hold on
  end 
  if b == 2
     plot(S,PR5_pu,'k')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 3
     plot(S,PR5_pu,'y')
     axis([0 100 1.00 20.00])
     hold on
  end
end 
4.13.2 PLOT
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Figure 4.5 Variation of maximum receiving end power with degree of series compensation for case 5

4.14 CASE 6 (PR6_max_pu vs S)

Plot of maximum receiving end power in pu against degree of series compensation for a compensated transmission line of length 600 km with receiving end series compensation and SVS.

4.14.1 SCRIPT FILE

%Scricpt file:plotPR6_max_pu vs S
%Purpose:
%       It plots maximum receiving end power in pu against degree of series compensation for case 6.
%----------------------------------------------------------------------
x = 0.325;          %reactance/ph/km in ohm/km of the transmission line
L1 = 600;           %length in km of the transmission line
K = 1;              %ratio of sending end voltage to receiving end 

                     voltage of the transmission line

MVAB=33.3;          %base MVA/ph

VR = 231;           %receiving end line voltage in kV/ph 
kVB=231;            %base kVB/ph
ZB=kVB^2/MVAB       %compute base impedance
XL = x*L1;          %compute inductive reactance of the transmission 

                     line of length 600 km
XL_pu = XL/ZB       %compute pu value of inductive reactance of the 

                    transmission line of length 600 km
A1 = 0.7923 + 0.0209i;
B1 = 0.0110 + 0.1132i;
C1 = -0.0254 + 3.2896i;
S = 0.00:1.00:100;
Xc_pu = S*XL_pu/100;
for b = -3:1:3

    K16 = - b.*real(A1)*imag(A1)
    K26 = - (K*real(A1) + real(A1)*imag(A1) +b.*( real(A1)*real(B1) - imag(A1)*imag(B1)))
    K36 = K*imag(B1) - real(A1)*real(B1) + b.*real(B1)*imag(B1)
    K6 = K16.*Xc_pu.^2 + K26.*Xc_pu + K36;
    B10 = real(B1) + imag(A1).*Xc_pu + j*(imag(B1) - real(A1).*Xc_pu)
    abs(B10)
    PR6_pu = VR_pu^2.*K6./abs(B10).^2
  if b == -3
     plot(S,PR6_pu,'r')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == -2
     plot(S,PR6_pu,'b')
      axis([0 100 1.00 20.00])
     hold on
  end  
  if b == -1
     plot(S,PR6_pu,'g')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 0
     plot(S,PR6_pu,'c')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 1
     plot(S,PR6_pu,'m')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 2
     plot(S,PR6_pu,'k')
     axis([0 100 1.00 20.00])
     hold on
  end
  if b == 3
     plot(S,PR6_pu,'y')
     axis([0 100 1.00 20.00])
     hold off
  end
end

4.14.2 PLOT
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Figure 4.6 Variation of maximum receiving end power with degree of series compensation for case 6

(C)  PLOTS (S_vs_eta)

4.15 CASE 1 (S_vs_eta_c1)

Plot of compensation efficiency against degree of series compensation for a series compensated transmission line of length 600 km (without SVS).

4.15.1 SCRIPT FILE
%Script file: Plot S_vs_eta_c1
%Purpose:
%        To plot compensation efficiency against degree of series compensation of the transmission line for case 1.
%----------------------------------------------------------------------
x = 0.325;          %reactance/ph/km in ohm/km of the transmission line
MVAB=33.3;          %base MVA/ph

VR = 231;           %receiving end line voltage in kV/ph 
kVB=231;            %base kVB/ph
L1 = 600;           %length in km of the transmission line
ZB=kVB^2/MVAB;      %compute base impedance
XL = x*L1;          %compute inductive reactance of the transmission 

                     line of length 600 km
XL_pu = XL/ZB       %compute pu value of inductive reactance of the 

                    transmission line of length 600 km
A1 = 0.7923 + 0.0209i;
B1 = 0.0110 + 0.1132i;
A3 = 0.9467 + 0.0055i;
B3 = 0.0061 + 0.0598i;
S = 0.0:1:100;
Xc_pu = S*XL_pu/100;
eta_1a = (real(A1))*100
eta_1b = (real(A3)^2 - imag(A3)^2)*100
eta_1c = (real(A1))*100
plot(S,eta_1a,S,eta_1b,'g',S,eta_1c,'r')
axis([0 100 0 100])
xlabel('degree of series compensation(S)')    %Put xlabel
ylabel('compensation efficiency(eta)')        %Put ylabel
title('Variation of compensation efficiency with degree of series compensation')                                %Put title
legend('1a','1b','1c')                        %Add legend  

4.15.2 PLOT
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Figure 4.7 Variation of compensation efficiency with degree of series compensation for case 1

4.16 CASE 2 (S_vs_eta_c2)

Plot of compensation efficiency against degree of series compensation for a compensated transmission line of length 600 km with sending end series compensation and SVS located at the midpoint.

4.16.1 SCRIPT FILE
%Script file: Plot S_vs_eta_c2
%Purpose:
%       To plot compensation efficiency against series compensation of
the transmission line for case 2.
%---------------------------------------------------------------------- 
x = 0.325;          %reactance/ph/km in ohm/km of the transmission line
L1 = 600;           %length in km of the transmission line(ok)
MVAB = 33.3;        %base MVA/ph

VR = 231;           %receiving end line voltage in kV/ph 
kVB=231;            %base kVB/ph
ZB=kVB^2/MVAB;      %compute base impedance
XL = x*L1;          %compute inductive reactance of the transmission 

                     line of length 600 km
XL_pu = XL/ZB;      %compute pu value of inductive reactance of the 

                    transmission line of length 600 km
A3 = 0.9467 + 0.0055i;
B3 = 0.0061 + 0.0598i;
C3 = -0.0033 + 1.7375i;
S = 10:100;
Xc_pu = S*XL_pu/90;
for b = -3:1:3
    eta_c2 = ((real(A3)^2-imag(A3)^2) + (real(B3)*real(C3)-imag(B3)*imag(C3)) - b*(real(A3)*imag(B3)+imag(A3)*real(B3)) - b*(real(B3)^2-imag(B3)^2)./Xc_pu).*100
  if b == -3 
     plot(S,eta_c2,'r')
     hold on 
  end
  if b == -2
     plot(S,eta_c2,'b')
     hold on
  end   
  if b == -1
     plot(S,eta_c2,'g')
     hold on
  end  
  if b == 0
     plot(S,eta_c2,'c')
     hold on 
  end 
  if b == 1
     plot(S,eta_c2,'m')
     hold on 
  end 
  if b == 2
     plot(S,eta_c2,'k')
     hold on 
  end 
  if b == 3
     plot(S,eta_c2,'y')
     hold on 
  end
end  
4.16.2 PLOT
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Figure 4.8 Variation of compensation efficiency with degree of series compensation for case 2

4.17 CASE 3 (S_vs_eta_c3)

Plot of compensation efficiency against degree of series compensation for a compensated transmission line of length 600 km with series compensation and SVS located at the midpoint.

4.17.1 SCRIPT FILE
%Script file:Plot_S_vs_eta_c3
%Purpose:
%       To plot compensation efficiency against series compensation of the transmission line for case 3.
%----------------------------------------------------------------------
x=0.325;         %reactance/ph/km in ohm/km of the transmission line
L1=600;          %length in km of the transmission line
MVAB=33.3;       %base MVA/ph
kVB=231;         %base kVB/ph 

VR = 231;        %receiving end line voltage in kV/ph 
VR_pu = VR/kVB;  %compute receiving end voltage in pu
ZB=kVB^2/MVAB;   %compute base impedance
XL = x*L1;       %compute inductive reactance of the transmission 

                  line of length 600 km
XL_pu = XL/ZB   %compute pu value of inductive reactance of the 

                    transmission line of length 600 km
A3 = 0.9467 + 0.0055i;
B3 = 0.0061 + 0.0598i;
C3 = -0.0033 + 1.7375i;
S = 10:100;
Xc_pu = S*XL_pu/90;
for b = -3:1:3
    eta_c3 = ((real(A3)^2 -imag(A3)^2) - b*(real(A3)*imag(B3) + imag(A3)*real(B3)) - b*(real(B3)^2 - imag(B3)^2)./Xc_pu).*100
  if b == -3 
     plot(S,eta_c3,'r')
     hold on
  end 
  if b == -2
     plot(S,eta_c3,'b')
     hold on
  end
  if b == -1
     plot(S,eta_c3,'g')
     hold on 
  end 
  if b == 0
     plot(S,eta_c3,'c')
     hold on 
  end
  if b == 1
     plot(S,eta_c3,'m')
     hold on
  end
  if b == 2
     plot(S,eta_c3,'k')
     hold on
  end
  if b == 3
     plot(S,eta_c3,'y')
     hold on  
  end
end  
4.17.2 PLOT
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Figure 4.9 Variation of compensation efficiency with degree of series compensation for case 3

4.18 CASE 4 (S_vs_eta_c4)

Plot of compensation efficiency against degree of series compensation for a compensated transmission line of length 600 km with receiving end series compensation and SVS located at the midpoint.

4.18.1 SCRIPT FILE
%Script file: Plot S_vs_eta_c4
%Purpose:
%       To plot compensation efficiency against series compensation of
        the line.
%----------------------------------------------------------------------
x=0.325;            %reactance/ph/km in ohm/km of the transmission line
L1=600;             %length in km of the transmission line
MVAB=33.3;          %base MVA/ph

VR = 231;           %receiving end line voltage in kV/ph 
kVB=231;            %base kVB/ph
VR_pu = VR/kVB;     %compute receiving end voltage in pu
ZB=kVB^2/MVAB;      %compute base impedance
XL = x*L1;          %compute inductive reactance of the transmission 

                     line of length 600 km
XL_pu = XL/ZB       %compute pu value of inductive reactance of the 

                     transmission line of length 600 km
A3 = 0.9467 + 0.0055i;
B3 = 0.0061 + 0.0598i;
C3 = -0.0033 + 1.7375i;
S = 10:100;
Xc_pu = S*XL_pu/90;
for b = -3:1:3
    eta_c4 = ((real(A3)^2 -imag(A3)^2) + (real(B3)*real(C3) - imag(B3)*imag(C3)) - b*(real(A3)*imag(B3) + imag(A3)*real(B3)) - b*(real(B3)^2 - imag(B3)^2)./Xc_pu)*100
  if b == -3
     plot(S,eta_c4,'r')
     hold on 
  end
  if b == -2
     plot(S,eta_c4,'b')
     hold on
  end
   if b == -1
      plot(S,eta_c4,'g')
      hold on
   end   
  if b == 0
     plot(S,eta_c4,'c')
     hold on 
  end 
  if b == 1
     plot(S,eta_c4,'m')
     hold on 
  end
   if b == 2
      plot(S,eta_c4,'k')
      hold on 
   end
  if b == 3
     plot(S,eta_c4,'y')
     hold on 
  end
end
4.18.2 PLOT
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Figure 4.10 Variation of compensation efficiency with degree of series compensation for case 4

4.19 CASE 5 (S_vs_eta_c5)

Plot of compensation efficiency against degree of series compensation for a compensated transmission line of length 600 km with sending end series compensation and SVS located at the midpoint.

4.19.1 SCRIPT FILE
%Script file: Plot S_vs_eta_c5
%Purpose:
%       To plot compensation efficiency against series compensation of
the transmission line for case 5.
%----------------------------------------------------------------------
x = 0.325;          %reactance/ph/km in ohm/km of the transmission line
L1 = 600;           %length in km of the transmission line
MVAB = 33.3;        %base MVA/ph

VR = 231;           %receiving end line voltage in kV/ph 
kVB = 231;          %base kVB/ph
ZB = kVB^2/MVAB     %compute base impedance
XL = x*L1;          %compute inductive reactance of the transmission 

                     line of length 600 km
XL_pu = XL/ZB       %compute pu value of inductive reactance of the 

                    transmission line of length 600 km
A1 = 0.7923 + 0.0209i;
B1 = 0.0110 + 0.1132i;
C1 = -0.0254 + 3.2896i;
S = 0:100;
Xc_pu = S*XL_pu/100
for b = -3:1:3
    eta_c5 = (real(A1) - b*imag(B1))*100
  if b == -3
     plot(S,eta_c5,'r')
     hold on 
  end
  if b == -2
     plot(S,eta_c5,'b')
     hold on
  end
  if b == -1
     plot(S,eta_c5,'g')
     hold on  
  end 
  if b == 0
     plot(S,eta_c5,'c')
     hold on
  end 
  if b == 1
     plot(S,eta_c5,'m')
     hold on 
  end 
  if b == 2
     plot(S,eta_c5,'k')
     hold on 
  end 
  if b == 3
   plot(S,eta_c5,'y')
   hold of 
  end 
end
4.19.2 PLOT
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Figure 4.11 Variation of compensation efficiency with degree of series compensation for case 5

4.20 CASE 6 (S_vs_eta_c6)

Plot of compensation efficiency against degree of series compensation for a compensated transmission line of length 600 km with series compensation and SVS located at the receiving end. 

4.20.1 SCRIPT FILE
%Script file: Plot S_vs_eta_c6
%Purpose:
%       To plot compensation efficiency against series compensation of
the transmission line for case 6.
%----------------------------------------------------------------------
x = 0.325;          %reactance/ph/km in ohm/km of the transmission line
L1 = 600;           %length in km of the transmission line
MVAB = 33.3;        %base MVA/ph

VR = 231;           %receiving end line voltage in kV/ph 
kVB = 231;          %base kVB/ph
ZB = kVB^2/MVAB     %compute base impedance
XL = x*L1;          %compute inductive reactance of the transmission 

                     line of length 600 km
XL_pu = XL/ZB       %compute pu value of inductive reactance of the 

                    transmission line of length 600 km
A1 = 0.7923 + 0.0209i;
B1 = 0.0110 + 0.1132i;
C1 = -0.0254 + 3.2896i;
S = 0:100;
Xc_pu = S*XL_pu/100;
eta_c6 = real(A1)*100 
plot(S,eta_c6,'r') 

4.20.2 PLOT
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Figure 4.12 Variation of compensation efficiency with degree of series compensation for case 6

CHAPTER-5: RESULTS AND DISCUSSION

 All the six cases of series compensated line with and without using SVS at different locations are considered and analyzed. Figures 4.1 - 4.6 shows the variation of PR (max)   with degree of series compensation for different values of SVS susceptance.

Table 1

	
	 
	
	
	
	
	 
	
	

	 
	Case 
	Case-1
	Case-2
	Case-3
	Case-4
	Case-5
	Case-6
	

	 
	XCopt 
	0.1012
	0.0975
	0.1159
	0.085
	0.1188
	0.1037
	

	 
	Sopt 
	82.95
	79.92
	95
	69.7
	97.4
	85
	

	 
	PRmax(opt) 
	16.18
	21.46
	22.55
	25.59
	24.12
	27.43
	

	 
	PR(critical)  
	10.5
	10.35
	13.5
	12.9
	15.27
	17.5
	

	
	
	
	
	
	
	
	
	


Figures 4.7 - 4.12 shows the compensation efficiency with degree of series compensation for different values of SVS for all the six cases considered. From Table 1 it is seen that for case study 1 (without SVS) scheme 1b gives highest PR (max) and compensation efficiency.

 For case studies 2, 3, 4, 5, and 6 effect of varying degree of series compensation for different values of SVS susceptance on maximum receiving end power PR (max), and compensation efficiency is studied. 

For case studies 2, 3, and 4 in which SVS is located at the centre, it is seen from figures 4.2, 4.3, and 4.4 that PR(max) increases with increase in degree of series compensation for a given value of SVS susceptance. This trend follows till an optimum value is reached. After this, PR(max) starts decreasing. The same trend follows for case studies 5 and 6 where SVS is located at the sending end and receiving end respectively. For low values of degree of series compensation, PR(max) increases by increasing leading VAR's of SVS whereas it decreases for higher values of lagging VAR's for case studies 2, 3, and 4. For case studies 5, and 6, PR(max) decreases with increase in leading VAR's of SVS, while it increases with increase in lagging VAR's of SVS. This trend follows up to a certain value of degree of series compensation. For higher (or very high) values of degree of series compensation, the behavior of the variation in PR(max)  is just reverse.

For case studies 2, 3, and 4 compensation efficiency (Figures 4.8, 4.9, 4.10 and 4.11) decreases with increase in degree of series compensation for leading VAR's of SVS while it increases with increase in degree of series compensation for lagging VARs of SVS.

For a fixed value of degree of series compensation, ηC increases with increase in lagging VAR's of SVS while it decreases with increase in leading VAR's of SVS.

From the given Table 1, the case 3 where series compensation and SVS is located at the middle of the line, yields highest receiving end power PR(max) and compensation efficiency ηC. Hence, on the basis of effectiveness of series compensation, PR(max) is maximum for case 3. Based upon the steady state analysis, case 3 is recommended as the optimal compensation scheme. 

CHAPTER-6: CONCLUSION AND RECOMMENDATIONS

In my thesis, comparison is based upon the maximum power transfer PR(max) over the line has been developed. The generalized expressions for PR(max) in terms of A, B, C, D constants and the capacitive reactance (XC) are derived for the series compensated line. The generalized expressions for optimum value of series compensation have been derived and hence the optimum value of series compensation has been determined for various cases of series compensation. The criteria of PR(max) and compensation efficiency have been utilized for assessing the optimal location of series and shunt compensation. Based upon the studies performed (Case 3) midpoint location of series compensation and SVS is recommended which yields the maximum PR(max) and ηc.

Suggestions for further work

1. Dynamic and Transient performance of the various schemes can be studied for finding the overall optimal scheme of compensation.

2. The voltage stability study can also be done for the various schemes of compensation. 
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APPENDIX A

Data:

Base MVA = 100

Base kV = 400 

Frequency = 50 Hz

Length of the line = 600km

Resistance/phase/km = 0.034 Ohm

Reactance/phase/km = 0.325 Ohm 

Susceptance/phase/km = 3.68x10-6 Mho   

APPENDIX B

STATIC SERIES COMPENSATORS
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Figure 1.1 Basic GTO-Controlled Series Capacitor (GCSC)
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Figure 1.2 Basic Thyristor- Switched Series Capacitor Scheme (TSSC)
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Figure 1.3 Basic Thyristor-Controlled Series Capacitor (TCSC) scheme
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Figure 1.4 The Static Synchronous Series Compensator (SSSC) used for series compensation

STATIC SHUNT COMPENSATORS
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Figure 1.5 Basic Thyristor-Control Reactor (TCR and TSR)
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Figure 1.6 The Thyristor-Switched Capacitor (TSC)

[image: image27.png]



Figure 1.7 Basic FC-TCR type static var generator

[image: image28.png]| g gk &
liz Z%XZ z%xz z%xz z%




Figure 1.8 Basic TSC-TCR type static var generator
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Figure 1.9 Reactive power generation by a rotating synchronous 

compensator (condenser)

(Switching Converter Type Var Generator)
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Figure 1.10 converter-based and FC-type var generator 

(Hybrid Var Generator)
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Figure 1.11 Combined converter-based and TSC-TCR type var generator

(Static Var Compensators: SVC and STATCOM)

DERIVATION OF GENERALIZED CONSTANTS
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The effective generalized constants A0, B0, C0, D0 of the compensated line are determined in terms of the A, B, C, D constants of the uncompensated line as follows:
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