UNIT-IV
REACTIVE POWER AND VOLTAGE CONTROL:Basic generator control loops, Cross- coupling between control loops, Exciter types, Exciter modelling, Generator modelling, and Static performance of AVR loop.

Generation and absorption of reactive power, relation between voltage, power and reactive power at a node, single machine infinite bus systems, methods of reactive power control.
BASIC GENERATOR CONTROL LOOPS
In an interconnected power system, load frequency control (LFC) and automatic voltage regulator (AVR) equipment are installed for each generator. Figure represents the schematic diagram of the load frequency control (LFC) loop and the automatic voltage regulator (AVR) loop.
 The controllers are set for a particular operating condition and take care of small changes in load demand to maintain the frequency and voltage magnitude within the specified limits. Small changes in real power are mainly dependent on changes in rotor angle “δ” and, thus, the frequency.

The reactive power is mainly dependent on the voltage magnitude(i.e., on the generator excitation). The excitation system time constant is much smaller than the prime mover time constant and its transient decay much faster and does not affect the LFC dynamics. Thus, the cross-coupling between the LFC loop and the AVR loop is negligible, and the load frequency and excitation voltage control are analyzed independently.
Figure : Schematic diagram of LFC and AVR of a synchronous generator
[image: image1.wmf])

(

1

)

(

s

e

sT

K

s

V

A

A

R

D

+

=

D


INTRODUCTION TO EXCITATION SYSTEM:

The basic functionof an excitation systemis to providenecessary direct current to the field windingof the synchronous generator.

The excitationsystemmust be abletoautomatically adjustthefieldcurrenttomaintaintherequiredterminal voltage.

The DC field current is obtainedfrom a separatesource called an exciter.

The excitation systemshave taken many formsover the years of their evolution. The following are the differenttypes of excitation systems.

1.DC excitationsystems

2.AC excitation systems

3.Brushless AC excitation systems

4.Static excitation systems

DC EXCITATION SYSTEMS: (TYPES OF EXCITERS)
In DC excitation system, the field of the main synchronous generator is fed from a DC generator, called exciter. Since the field of the synchronous generator is in therotor,therequired fieldcurrent issupplied toitthrough slipringsand brushes.
 The DC generator is driven from the same turbine shaft as the generator itself. One form of simple DC excitation system is shown in Fig.1.

This type of DC excitation system hasslow response. Normally for 10 MVA synchronous generator, the exciter power rating should be 20 to 35 KW for which we require huge size the DC generator. For these reasons, DC excitation systems are gradually disappearing.
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AC EXCITATION SYSTEMS:
InACexcitationsystem,theDCgeneratorisreplacedbyanalternatorof sufficient rating, so that it can supply the required field current to the field of the main synchronous generator.
In this scheme, three phase alternator voltage is rectified and the necessary DC supply is obtained.Generally, two sets of slip rings, one to feed the rotating field of the alternator and the other to supply the rotating field of the synchronous generator,are required. Basic blocks of ACexcitation system are shown in Fig. 2.
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BRUSHLESS AC EXCITATION SYSTEMS:
Old type AC excitation system has been replaced by brushless AC excitation system wherein, inverted alternator (with field at the stator and armature at the rotor) is used as exciter.

A full wave rectifier converts the exciter AC voltage to DC voltage.

The armature of the exciter, the full wave rectifier and the field of the synchronous generator form the rotating components.
The rotating components are mounted on a common shaft. This kind of brushless AC excitation system is shown in Fig. 3.
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STATIC EXCITATION SYSTEMS:
In static excitation system, a portion of the AC from each phase of synchronous generator output is fed back to the field windings, as DC excitations, through a system of transformers, rectifiers, and reactors.

An external source of DC is necessary for initial excitation of the field windings.

On engine driven generators, the initial excitation may be obtained from the storage batteries used to start the engine.
 INTRODUCTION TO EXCITORS

It is necessary to provide constancy of the alternator terminal voltage during normal small and slow changes in the load.For this purpose the alternators are provided with Automatic Voltage Regulator (AVR). 
The exciter is the main component in the AVR loop. It delivers DC power to the alternator field. It must have adequate power capacity (in the low MW range for large alternator) and sufficient speed of response (rise time less than 0.1 sec.)
There exists a varietyofexcitertypes. In olderpowerplants,theexciter consisted of a DC generator driven by the main shaft. This arrangement requires the transfer of DC power to the synchronous generator field via slip rings and brushes.
 Modern exciters tend to be of either brushless or static design. A typical brushless AVR loop is shown in Fig. 3.
In this arrangement,the exciterconsistsof an invertedthree phase alternator which has its three phase armature on the rotor and its field on the stator. Its AC armature voltage is rectified in diodes mounted on the rotating shaft and then fed directly into the field of the main synchronous generator.
EXCITER MODELING

It is to be noted that error voltage e = |V|ref - |V|. Assume that for some reason the terminal voltage of the main generator decreases. This will result in decrease in|V|.
Thisimmediatelyresultsinanincreased“errorvoltage”e whichinturn, causes increased values of VR, ie, Vf and if.
As a result of the boost in if the d axis generator flux increases, thus raising the magnitude of the internal generator emf and hence the terminal voltage.
Higher setting of |V|refalso will have the same effect of increasing the terminal voltage.

Mathematical modeling of the exciter and its control follows. For the moment we discard the stability compensator (shown by the dotted lines in the Fig. 3).

For the comparatorΔ|V|ref- Δ|V| = Δe


(1)

Laplace transformation of this equation is

Δ|V|ref (s) - Δ|V| (s) = Δe (s)


(2)

For the amplifier

ΔVR= KAΔe where KA is the amplifier gain.

(3)

Laplace transformation of the above equation yields

ΔVR (s) = KAΔe (s)




(4)

Thisequation implies instantaneous amplifier response. Butinreality,the amplifier will have a time delay that can be represented by a time constant TA.

ThenΔVR (s)  andΔe (s) are related as
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Here 
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 is the transfer function of the amplifier, GA(s)

The block diagram corresponding to equations (2) and (5) is shown below.

Δ|V|ref(s) -Δ|V| (s)=Δe (s)(2)
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Nowweshallseethemodelingoftheexciterfield.IfRe andLe representrespectively the resistance and inductance of the exciter field, then
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The exciter field current ie produces voltage Vf, which is the rectified armature voltage of the exciter. Then
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(7)

where K1 is the rectified armature volts per ampere of exciter field current.

Taking Laplace transformation of the above two equations and eliminating Δie(s), we get
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(8)
Where
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Thus the transfer function of the exciter, 
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Adding the representation of exciter as given by equation (8)
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nowwecandrawthetransferfunctionmodelofComparator,Amplifierand Exciter portion of the AVR loop. This is shown in Fig. 4.

Fig. 4 Block diagram representation of comparator, amplifier and exciter

The time constants TA will be in the range of 0.02 – 0.1 sec. while Te will be in the range of 0.5 – 1.0 sec.
SYNCHRONOUS GENERATOR MODELING

We need to close the loop in Fig. 3 by establishing the missing dynamic link between the field voltage Vf and the synchronous generator terminal voltage |V|.

Considering the field of the synchronous generator, using KVL
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Taking Laplace transform ΔVf (s) = [ Rf + s Lff ] Δif (s) (11)
As the terminal voltage equals to internal emf minus the voltage drop across the internal impedance, it is clear that the relationship between Vf and |V| depends on the generator loading. 
The simplest possible relationship exists at low or zero loading in which case V approximately equals to internal emf E. In the generator internal emf and the field currents are related as
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Here Lfa is the mutual inductance coefficient between rotor field and stator armature.

Thus
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(13)
Laplace transform of the above Equation gives
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(14)
Substituting the above in Equation (11) then
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Thus
[image: image24.wmf])

(

1

2

)

(

s

V

sL

R

L

s

E

f

ff

f

fa

D

+

=

D

v


From the above Equation, the field voltage transfer ratio can be written as
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(15)
Dividing both Nr and Dr with Rf
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Where 
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(16)
We can now complete the AVR loop as shown in Fig 5.
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The block block diagram representation of AVR loop shown above can be simplified as shown in Fig. 6
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Here, the open loop transfer function G(s) equals
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(17)

Where the open loop gain K is defined by

K=KAKe KF
(18)

Block diagram of Fig. 6 can be further reduced as shown in Fig. 7.
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Fig. 7 Reduced Block diagram representation of AVR loop

STATIC PERFORMANCE OF AVR LOOP

The AVR loop must

1.regulate the terminal voltage[image: image31.png]vl



 to within the required static accuracy limit

2.have sufficient speed of response

3. be stable

The static accuracy requirement can be stated as below:

For a constant reference input Δ[image: image33.png]vl



ref0, the likewise constant error Δe0must be less than some specified percentage p of the reference input.

For example if Δ[image: image35.png]vl



ref0 = 10 V and the specified accuracy is 2%, then
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We can thus write the static accuracy specification as follows:
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(19)

For a constant input, the transfer function can be obtained by setting s=0. Thus
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Thus 
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(20)

Where K is the open loop gain

It can be concluded that the static error decreases with increased open loop gain.
For a specified accuracy, the minimum gain needed is obtained substituting

eq.(19) into eq.(20). i.e.
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For example, if we specify that the static error should be less than 2% of reference input, the open loop gain must be > 49.
IMPORTANCE OF REACTIVE POWER:
· Voltage control in an electrical power system is important for proper operation for electrical power equipment to prevent damage such as overheating of generators and motors, to reduce transmission losses and to maintain the ability of the system to withstand and prevent voltage collapse.

· Decreasing reactive power causing voltage to fall, while increasing it causing voltage to rise. A voltage collapse may be occurs when the system try to serve much more load than the voltage can support.

· When reactive power supply lower voltage, as voltage drops current must increase to maintain power supplied, causing system to consume more reactive power and the voltage drops further . 

· If the current increase too much, transmission lines go off line, overloading other lines and potentially causing cascading failures.

· If the voltage drops too low, some generators will disconnect automatically to protect themselves. 

· Voltage collapse occurs when an increase in load or less generation or transmission facilities causes dropping voltage, which causes a further reduction in reactive power from capacitor and line charging, and still there further voltage reductions.

· If voltage reduction continues, these will cause additional elements to trip, leading further reduction in voltage and loss of the load. The result in these entire progressive and uncontrollable declines in voltage is that the system unable to provide the reactive power required supplying the reactive power demands.
BASIC CONCEPT OF REACTIVE POWER
1)  Why We Need Reactive Power:

· Active power is the energy supplied to run a motor, heat a home, or illuminate an electric light bulb.

Reactive power provides the important function of regulating voltage.

· If voltage on the system is not high enough, active power cannot be supplied.

· Reactive power is used to provide the voltage levels necessary for active power to do useful work.

· Reactive power is essential to move active power through the transmission and distribution system to the customer.

· Reactive power is required to maintain the voltage to deliver active power (watts) through transmission lines.

· Motor loads and other loads require reactive power to convert the flow of electrons into useful work.

· When there is not enough reactive power, the voltage sags down and it is not possible to push the power demanded by loads through the lines.”

2)    Reactive Power is a Byproduct of AC Systems
· Transformers, Transmission lines, and motors require reactive power. Electric motors need reactive power to produce magnetic fields for their operation.

· Transformers and transmission lines introduce inductance as well as resistance.
Both oppose the flow of current.

· Must raise the voltage higher to push the power through the inductance of the lines

Unless capacitance is introduced to offset inductance.
3)    How Voltages Controlled by Reactive Power:
Voltages are controlled by providing sufficient reactive power control margin to supply needs through

· Shunt capacitor and reactor compensations

· Dynamic compensation

· Proper voltage schedule of generation.

· Voltages are controlled by predicting and correcting reactive power demand from loads

4)    Reactive Power and Power Factor
· Reactive power is present when the voltage and current are not in phase

· One waveform leads the other

· Phase angle not equal to 0°

· Power factor less than unity

· Measured in volt-ampere reactive (VAR)

· Produced when the current waveform leads voltage waveform (Leading power factor)

· Vice versa, consumed when the current waveform lags voltage (lagging power factor)

5)    Reactive Power Limitations:
· Reactive power does not travel very far.

· Usually necessary to produce it close to the location where it is needed

· A supplier/source close to the location of the need is in a much better position to provide reactive power versus one that is located far from the location of the need

· Reactive power supplies are closely tied to the ability to deliver real or active power.

NECESSARY TO CONTROL OF VOLTAGE AND REACTIVE POWER:

Voltage control and reactive power management are two aspects of a single activity that both supports reliability and facilitates commercial transactions across transmission networks.

On an alternating current (AC) power system, voltage is controlled by managing production and absorption of reactive power.

There are three reasons why it is necessary to manage reactive power and control voltage.

· First, both customer and power system equipment are designed to operate within a range of voltages, usually within ±5% of the nominal voltage. At low voltages, many types of equipment perform poorly, light bulbs provide less illumination, induction motors can overheat and be damaged, and some electronic equipment will not operate at. High voltages can damage equipment and shorten their lifetimes.
· Second, reactive power consumes transmission and generation resources. To maximize the amount of real power that can be transferred across a congested transmission interface, reactive power flows must be minimized. Similarly, reactive power production can limit a generator’s real power capability.

· Third, moving reactive power on the transmission system incurs real power losses. Both capacity and energy must be supplied to replace these losses.

Voltage control is complicated by two additional factors.

First, the transmission system itself is a nonlinear consumer of reactive power, depending on system loading. At very light loading the system generates reactive power that must be absorbed, while at heavy loading the system consumes a large amount of reactive power that must be replaced. The system’s reactive power requirements also depend on the generation and transmission configuration.

Loads can also be both real and reactive. The reactive portion of the load could be served from the transmission system. Reactive loads incur more voltage drop and reactive losses in the transmission system than do similar size (MVA) real loads.
PRODUCTION AND ABSORPTION OF REACTIVE POWER
1.Synchronous generators:Synchronous generators can generate or absorb reactive power depending on the excitation. When overexcited they supply reactive power, and when under excited they absorb reactive power.
The capability to continuously supply or absorb reactive power is, however, limited by the field current, armature current, and end-region heating limits.
 Synchronous generators are normally equipped with automatic voltage regulatorswhich continually adjust the excitation so as to control the armature voltage.

2.Overhead lines:Overhead lines, depending on the load current, either absorb or supply reactive power. When fullyloaded, lines absorb reactive power with a current I amperes for a line of reactance per phase X ohms, the VArs absorbed are I2X per phase. On light loads, the shunt capacitance of longer lines may become predominant and the lines then become VAr generators. 

3.Underground cables: Underground cables acts asVAr generators because they have a very small inductance and relatively very large capacitance due to nearness of the conductors.
4.Transformers: Transformers always absorb reactive power regardless of their loading; at no load, the shunt magnetizing reactance effects predominate; and at full load, the series leakage inductance effects predominate.

5. Loads: Loads normally absorb reactive power. A typical load bus supplied by a power system is composed of a large number of devices. The composition changes depending on the day, season, and weather conditions. The composite characteristics are normally such that a load bus absorbs reactive power.
 Both active power and reactive power of the composite loads vary as a function of voltage magnitudes. Loads at low-lagging power factors cause excessive voltage drops in the transmission network and are uneconomical to supply. 
Industrial consumers, are normally charged for reactive as well as active power; this gives them an incentive to improve the load power factor by using shunt capacitors.

Compensating devices are usually added to supply or absorb reactive power and thereby control the reactive power balance in a desired manner.

METHODS OF REACTIVE POWER CONTROL OR VOLTAGE CONTROL(REACTIVE POWER COMPENSATION)
The control of voltage levels is accomplished by controlling the production, absorption, and flow of reactive power at all levels in the system. The generating units provide the basic means of voltage control; the automatic voltage regulators control field excitation to maintain a scheduled voltage level at the terminals of the generators.
Additional means are usually required to control voltage throughout the system. The devices used for this purpose may be classified as follows:

(a) Sources or sinks of reactive power, such as
(i) shunt capacitors,

(ii) shunt reactors, 
(iii) series capacitor
(iv) synchronous condensers, and

(v)    staticvar compensators (SVCs).
(vi)  Regulating transformers, such as tap-changing transformers and boosters.

Shunt capacitors and reactors, and series capacitors provide passive, compensation. They are either permanently connected to the transmission and distribution system, or switched. They contribute to voltage control by modifying the network characteristics.
Synchronous condensers and SVCs provide active compensation; the reactive power absorbed/supplied by them is automatically adjusted so as to maintain voltages of the buses to which they are connected. 
Together with the generating units, they establish voltages at specific points in the system. Voltages at other locations in the system are determined by active and reactive power flows through various circuit elements, including the passive compensating devices.
SHUNT CAPACITORS
Shunt capacitors supply reactive power and boost local voltages.They are used throughout the system and are applied in a wide range of sizes.

Shunt capacitors were first used for power factor correction.
Today, they are a very economical means of supplying reactive power.
ADVANTAGES
· The principal advantages of shunt capacitors are their low cost and their flexibilityof installation and operation.

· They are readily applied at various points in the system, thereby contributing to efficiency of power transmission and distribution. 
DISADVANTAGES

· The principal disadvantage of shunt capacitors is that their reactive power output is proportional to the square of the voltage. Consequently, the reactive power output is reduced at low voltages when it is likely to be needed most.
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Application to distribution systems 
Shunt capacitors are used extensively in distribution systems for power-factor correction and feeder voltage control. Distribution capacitors are usually switched by automatic means responding to simple time clocks, or to voltage or current-sensing relays.

The objective of power-factor correction is to provide reactive power close to the point where it is being consumed, rather than supply it from remote sources. Most loads absorb reactive power; that is, they have lagging power factor.

SHUNT REACTORS
Shunt reactors are used to compensate for the effects of line capacitance,particularly to limit voltage rise on open circuit or 1ight load.They are usually required for EHV overhead lines longer than 200 km.
 Ashorter overhead line may also require shunt reactors if the line is supplied from aweak system (low short-circuit capacity) as shown in Figure 3.1. When the far endof the line is opened, the capacitive line-charging current flowing through the largesource inductive reactance (Xs) will cause a rise in voltage Es at the sending end ofthe line. The "Ferranti" effect will cause a further rise inreceiving-end voltage ER.
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A shunt reactor of sufficient size must be permanently connected to the lineto limit fundamental-frequency temporary overvoltages to about 1.5 pu for a durationof less than 1 second. Such line-connected reactors also serve to limit energizationovervoltages (switching transients).
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 During heavy loading conditions some of the reactors may have tobe disconnected. This is achieved by switching reactors using circuit-breakers.

SERIES CAPACITORS
· Series capacitors are connected in series with the line conductors to compensate for the inductive reactance of the line. This reduces the transfer reactance between the buses to which the line is connected, increases maximum power that can be transmitted, and reduces the effective reactive power (XI2) loss.

· Series capacitor reduces the effective Reactance of Transmission system. Hence if the reactance of the line is higher, series capacitor is very effective in reducing the line drop and also increases the stability of entire system.

· Although series capacitors are not usually installed for voltage control as such, they do contribute the improved voltage control and reactive power balance. The reactive power produced by a series capacitor increases with increasing power transfer; a series capacitor is self-regulating in this regard.

DRAWBACK
The main drawback of this capacitor is the high voltage produced across the capacitor terminals under short circuit conditions. The drop across the capacitor is IfXc, 

Where Ifis the fault current which is many times the ful load current under certain conditions. A spark gap with a high speed contactor can be used to protect the capacitor under these conditions.

SYNCHRONOUS CONDENSERS
· A synchronous condenser is a synchronous machine running without a prime mover or a mechanical load. By controlling the field excitation, it can be made to either generate or absorb reactive power.

· With a voltage regulator, it can automatically adjust the reactive power output to maintain constant terminal voltage. It draws a small amount of active power from the power system to supply losses.

· Synchronous condensers have been used  for voltage and reactive power control at both transmission and sub transmission levels. They are often connected to the tertiary windings of transformers. They fall into the category of active shunt compensators.

· Synchronous compensators have several advantages over static compensators. Synchronous compensators contribute to system short-circuit capacity. Their reactive power production is not affected by the system voltage. 

· During power swings (electromechanical oscillations) there is an exchange of kinetic energy between a synchronous condenser and the power system. During such power swings, a synchronous condenser can supply a large amount of reactive power, perhaps twice its continuous rating. It has about 10 to 20% overload capability for up to 30 minutes.

TAP CHANGING TRANSFORMER
Tap changing transformer is commonly employed where main transformer is necessary. In this method a number of tappings are provided on the secondary of the transformer. The voltage drop in the line is supplied by changing the secondary emf of the transformer through the adjustment of its number of turns.

Tap changers exist in two primary types, no load tap changers (NLTC) which must be de-energized before the turn ratio is adjusted and on load tap changers (OLTC) which may adjust their turn ratio during operation.
Tap changers are often placed on the high voltage (low current) transformer winding for easy access and to minimize the current load during operation. 
No Load (off load)Tap Changers

( Off-Load Tap Changer, or De-Energized Tap Changer (DETC).

No load tap changers are often utilized in situations in which a transformer's turn ratio does not require frequent changing and it is permissible tode-energize the transformer system. 
This type of transformer is frequently employed in low power, low voltage transformers in which the tap point often may take the form of a transformer connection terminal, requiring the input line to be disconnected by hand and connected to the new terminal. Alternatively, in some systems, the process of tap changing may be assisted by means of a rotary or slider switch.

Off-load tap-changing mechanisms require the transformer to be isolated before its tap settings can be adjusted, and is normally the case with smaller distribution transformers.
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On load tap changers
On-load tap-changing can be performed with the transformer supplying its load, usually automatically, in response to changes in its secondary voltage. 
The on-load tap-changer has to provide uninterrupted current flow during the transition operation from one tap to the other. The current flow must be maintained uninterrupted without partial short-circuiting of the tapped winding.

It implies a switching device that transfers the throughput power from one tap of the transformer to an adjacent one. During this operation the two taps will be connected through fitted transition impedance. In this phase the two taps will share the load current.

Thereafter the connection to the former tap will be interrupted and the load has been transferred to the new tap. The device that performs this switching is called diverter switch.
Fig. 5 Block diagram representation of AVR loop





Fig. 6 Simplified block diagram representation of AVR loop
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Figure 3.1.EHV line connected to a weak system





Figure 3.2. Line and bus-connected EHV reactors


XR2 - permanently line-connected reactor


XR1, XR3 - switchable bus-connected reactor
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