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CAPACITOR PROTECTION – PROTECTION COURSE NOTES

Introduction

Unloaded transmission and distribution lines are normally capacitive in character, but when fully loaded they are inherently inductive and resistive. Thus in interconnected power systems there are a number of problems due to this series inductance: -

a) Phase shifts between different sections of the network may cause instability at low power levels. This mainly effects transmission lines, where the transmitted power is determined by the system stability limit. The phase angle between the voltages at the send and receive ends cannot exceed a certain critical value.

b) Excessive voltage drops between the ends of the feeders on distribution systems. This regulation problem is due, in a large extent, to the inductive reactance of the line. This voltage drop dictates the amount of power that can be transmitted.

c) Unequal sharing of the load between parallel feeders, which imposes limitations on the total power capable of being, transmitted by both transmission and distribution systems.

These problems can be resolved without major system reinforcement, i.e. installing new overhead lines, but, by installing reactive power compensation equipment the system reactance or the phase angle between the system current and voltage can be reduced. 

The types of static plant that can be installed are:

1) Series capacitors

2) Shunt capacitors

3) Shunt connected reactors

4) Rotating plant in the form of large synchronous machines, capable of being over-excited to generate reactive power or under-excited to absorb reactive power.

Machines can produce varied excitation levels, a static capacitor bank can only vary reactive power switching sections of the capacitor in or out. In comparison, static plant is must less expensive than an equivalent rated synchronous machine. The remainder of these notes deals with the application and protection of capacitor banks.

Capacitor Construction

There are two basic types of capacitor bank. The first is a capacitor unit that consists of a number of small capacitor elements in a single case suitable for installation with other similar units to form a whole capacitor bank. The second is a complete tank capacitor with terminals; bushings and protection all combined before installation. Early capacitor banks were of the tank type and were generally used at distribution voltages. Recently the requirement for line compensation has become apparent at transmission level. Here the high voltage capacitors used on the transmission system are built up from the unit type to form larger capacitor banks. 

Tank Type Capacitors

Each element consists of capacitor plates or foil with layers of insulating paper separating the conductors, it is then wound together to form a cylindrical roll. In a tank type capacitor a number of these elements are mounted on wooden supports and connected in series or parallel to give the required kVAr output. The tank is then filled with oil to ensure that all the layers of the paper are fully impregnated and that all moisture is excluded. 

Unit type Capacitors

Unit type capacitors are usually manufactured in a sealed box and employ capacitive elements in a flat form; the capacitance of each unit is usually small. Thus the unit construction is flexible and allows them to be assembled on various sizes of open type outdoor structures to the rating required.

Series Connected Capacitors

Consider a capacitor connected in series with a transmission line and its associated vector diagram as shown in fig 1. Where RL & XL is the total series resistance & inductive reactance in ohms, XC is the ohmic reactance of a series capacitor, Vs and Vr’ are the send & receive end line voltages. Vr is the voltage on the load side of the capacitor, I the load current, and ( the phase angle.

Neglecting the effects of line charging current or shunt capacitance, then the phase to neutral voltage drop between Vs and Vr can be expressed 
:

Voltage drop 
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The conditions XL<XC, XL=XC, and XL>XC applied to this equation refer to over-compensation, full compensation, and under-compensation respectively By varying the quantity XC the regulation can be increased or decreased provided sin ((0, since this condition represents unity power factor.

The voltage change obtained takes the form of a sudden rise at the capacitor terminals so that the beneficial effect is made on the load side . Thus, the load voltage Vr will be larger than the received voltage Vr’. The voltage is dependent on the load current and power factor ie. VC sin ( = I XC sin (, thus a change in I produces a change in VC therefore the capacitor acts as an automatic voltage regulator. 

The effects of compensation on the line reactance when a series capacitor is applied are:

a) Increased line carrying capacity.

b) Improved load sharing if two or more parallel feeders are connected.

c) Improved voltage regulation at the point of installation.

Overcompensation is generally not used in transmission systems but applications of this type can be found in distribution systems.

Series capacitors are often installed in distribution systems to reduce ‘flicker’ in areas near the vicinity of steelworks and arc furnaces. The duty cycle during the melt stage of an arc furnace is particularly onerous, so the capacitor smoothes the voltage fluctuations. 

Shunt Connected Capacitors

Consider a capacitor shunt connected to a transmission line and the associated vector diagram, shown in fig 2. The voltage rise is distributed uniformly along the length of line unlike the effect of a series capacitor.

Shunt capacitors are used in circuits with lagging power factors, whereas reactors are used on circuits with leading power factors e.g. lightly loaded cable feeder circuits. In both cases, the desired effect is to supply the required reactive power to maintain efficient transmission values of the voltage.

The effects of reducing the phase angle between the voltage and current when a shunt capacitor is switched onto a line are:

a) Reduced line current losses due to the reactive power.

b) Reduced transmission line current, to a value less than the load current.

c) Improved power factor of the transmitted power.

d) Reduced voltage drop uniformly along the line, a contrast to the step in voltage across the terminals of the series capacitor

The response to voltage dips is not as rapid as a series capacitors since sections of the bank are switched in relation to the change in voltage therefore regulation is gradual.  

Series vs. Shunt Connection

So far, it has been shown that series and shunt capacitors serve a similar purpose in improving operating conditions i.e. series capacitors by compensating line reactance and shunt capacitors by compensating the phase angle. Several factors need to be considered when choosing what type is required.

a) Regulation using a series capacitor depends mainly on the reactive power of the load and thus is no use when reactive power is consumed by the load. Series capacitors are very effective when the total line reactance is high and stability is improved. Regulation due to a shunt capacitor depends on the reactance of the system and hence a useful increase in voltage is achieved only if the reactance is substantial.

b) If continuous and automatic voltage regulation is a requirement then a series capacitor installation is recommended. However, a shunt capacitor bank, which has automatic control over the number of sections in service, could provide a measure of regulation but only in delayed steps.

c) A capacitor connected in series with a line must have a current rating equivalent to the line, and the output of reactance power from the capacitor is dependent on the line current:

output 
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Series capacitor banks must also have sufficient protection to prevent damage for large through fault currents.

A shunt-connected capacitor has an output independent of the primary current as the line voltage determines the compensation. With a series capacitor, the reduction in line current is small and thermal considerations limit the current, little advantage is obtained so a shunt connection should be used.

d) On transmission systems, there are definite technical advantages in using series capacitors at various points along a line route, but there are further problems arising from acquiring a suitable site and maintaining the capacitor. A shunt capacitor, however, can be connected to the LV side of a transformer sited at a substation and insulated for the LV level, or connected to a busbar. The cost of installing series or shunt capacitors varies little over a wide capacity of kVAr and losses are relatively low typically 3W per kVAr.

General Requirements for Capacitor Protection

The need for protection is evident when consideration is given to the equipment’s vulnerability to system faults, e.g. lightning flashover, and the subsequent loss of compensation which would follow the removal of a damaged capacitor from service. The protection may be considered as consisting of two levels: -

a) Protection of the individual capacitor elements within a unit or tank – internal.

b) Protection to prevent excessive stressing of the dielectric by system disturbances – external.

Internal Capacitor Bank Protection

Internal protection consists of detecting any abnormal unbalance between sections of each phase of the bank. A small unbalance is inevitable due to manufacturing tolerances in the individual capacitor elements. This can be kept to a minimum by matching the elements and setting the relay appropriately. The protection is required to:

a) Disconnect a faulty element before damage, with a minimum loss of kVAr.

b) Indicate the location of a faulty element.

c) Stability for system faults or conditions that would not cause damage to the capacitor.

External Capacitor Bank Protection
External protection is required to protect against fault currents, which flow when a short circuit occurs on the capacitor or its connections to power system. These fault currents will produce high voltages across the capacitor leading to the dielectric being over-stressed. The complexity of the protection will depend upon the size and connection of the capacitor.

Series Capacitor Protection Requirements

Capacitor Unbalance Protection

Choice between:

a) Fuse for each individual element or group of elements, to provide permanent disconnection.

b) Current or voltage operated relay to monitor any significant out of balance between two associated sections.

Fuses have been used for many years for individual element protection in both types of capacitor bank. The fuses are high breaking capacity type incorporating a pin which projects when the fuse blows, or the expulsion type where a tail hangs down to indicate it has blown. The disconnection of an element in one section results in a small change in the bank capacitance and thus an ‘out of balance condition’. This typically would be of the order of 1%, which is relatively insignificant, but if further faults occur, the stress of the remaining elements will increases. The capacitor is designed so that failure of an element should not result in the rest of the elements being over-stressed i.e. the voltage remains within the continuous rating of the elements.

In order to use a relay, each phase of the capacitor bank should be split into two equal and parallel halves with their midpoints connected. The protection relay is situated between the two capacitor bank midpoints and should not detect any current flow under normal operating conditions. (N.B. a very small current flow may flow due to differences between elements). The relay should give an alarm output after the failure of two elements and then trip the capacitor out after subsequent failures. The cost and complexity of providing the necessary current transformers implies this method of protection is only suitable for the larger installations.

Overall Protection – Spark Gap 

Small series capacitors used in distribution systems for voltage regulation purposes are usually provided with spark-gap protection to prevent damage to the capacitors on the occurrence of faults. There is a variety of gaps available:

a) Non-extinguishing, non-triggered gaps – An inverse time overcurrent relay determines the length of time that the gap is allowed to arc, if this is exceeded then the isolating switch closes, shorting out the gap and capacitor. They remain short circuited until the isolating switches on all three phases are re-set by means of an insulated pole. These are limited to use with small series capacitors in areas where the through fault incidence is low and on LV cable networks.

b) Extinguishing, non-triggered gaps – These are electromechanical devices that have a self restoring gap that should reset at the correct voltage setting after a flashover. There are two usual styles available the open type and the sealed type. 

c) Non-extinguishing triggered gaps – The arc is struck on a ‘trigger’ gap and then transferred to electrodes that are more substantial in order to burn until the fault is cleared.

d) Electronic devices – These consist of a gas filled spark gaps, two ignitrons, and a bank of resistors used for current limiting. The ignitrons operate for the fault current and return to service after clearance of the fault.
Short Circuit Protection

Series connected capacitors form part of the primary circuit and short circuit protection of the associated transmission/distribution circuit.

Shunt Capacitor Protection Requirements

A typical scheme showing the protection requirements is shown in fig 3.
Capacitor Unbalance Protection

The choice, like series capacitors, lies between fuses and relays for the detection of an unbalance between two sections of the bank. In the case of large capacitors typically, it is normal practice to fit both fuses and relays in order to provide complete protection against the consequences of element failure. The fuse will give indication when blown and the overcurrent relay should be in two stages (alarm & trip).

The use of a protection relay to detect unbalance currents is dependent upon the bank primary circuit configuration and the position of the current transformers:

a) Star connected bank (fig 4) – A voltage transformer is connected across part of the series capacitance of each phase of the bank with the secondary windings connected in a broken delta formation to a sensitive relay. Failure of capacitor elements will cause a voltage imbalance that will be detected by the relay. System disturbances and third harmonics could effect a capacitor bank with an earthed neutral using this method.

b) Delta connected bank (fig 5) – An arrangement of overvoltage protection similar to (a) can be applied to an unearthed delta connected bank. Abnormal imbalances between bank sections are detected by the relay; this method will not be affected by system harmonics.

c) Split star connected bank (fig 6) – An unearthed star connected bank can be split into equal sections and a voltage transformer connected between the neutral points. This solution is low cost and is unaffected by harmonics.

d) Star connected bank, two limbs per phase (fig 7) – Where each phase has been split into two equal sections, the current transformers may be mounted at either end of the phase connection. Less insulation is required, because the neutral is earthed, in comparison with the isolated neutral methods and is thus a more economical solution. The current transformers are sited at the neutral end and can be applied to delta/star connections & earthed/unearthed banks. This protection is very sensitive as the currents in each phase are individually compared. This protection is therefore inherently stable under unbalanced system conditions, if there are equal quantities of third harmonic in each section then the protection remains unaffected.

e) Star connected bank, two limbs per phase, alternative solution (fig 8) – This alternative method relies on connecting the current transformer across the limbs’ equi-potential points and hence requires only one current transformer per phase.

There are problems created by the comparing sections of the capacitor bank for a unit failure. In the event that two elements fail simultaneously in each section, then the relay would be unable to detect the failure.

Thermal Overload Protection

Overloading of the capacitors may arise from system conditions producing:

a) Increased voltage – kVAr loading is proportional to voltage squared.

b) Increased frequency – kVAr loading is proportional to frequency.

c) Harmonics i.e. frequencies other than the power frequency.

A two-stage relay should be used per phase to achieve this protection. The first stage consists of a thermal element with a minimum setting of 130% nominal bank current with an IDMTL recommended by capacitor manufacturer as an alarm. (Capacitors are usually designed to meet the ANSI standard thermal curves). The second stage uses an instantaneous overcurrent element that will initiate tripping if the overload condition typically exceeds 300%.

Overall Protection – Circulating Current

Each individual capacitor bank should be protected by separate differential systems which consists of two sets of phase current transformers, one set on the bank circuit breaker and the other on the capacitor neutral end connections. The current transformers should have the same turns ratio and class type X. The setting of the high impedance circulating current relay should be between 10% to 30% of capacitor bank full load current. This protection should operate for phase & earth faults on the bank, and be stable for inrush or out-rush transients, normal operating conditions, & external faults. The relay will trip the associated bank breaker for fault conditions, thereby leaving the remainder of the capacitor banks connected to the line/busbar.

Overall Protection – Overcurrent Backup

In order to cover the possible failure of a main capacitor bank, differential protection relay, an IDMTL back-up overcurrent and earth fault relay should be provided to trip the associated capacitor bank circuit breaker. The protection should be stable for inrush and out-rush transients (switching on and off).

Overvoltage Protection

The capacitor banks may be subject to symmetrical three phase overvoltages due to sudden removal of system loads. The value of the maximum permissible overvoltage and its allowable duration would be dependent on the capacitor’s overvoltage characteristic and system operating philosophy.

Overvoltage protection is provided by voltage relays with IDMTL characteristics supplied from a voltage transformer. Two stages are required, one for an alarm and the other for a trip. Typical settings are 130% rated capacitor bank voltage for the alarm stage and 150% for the trip function. 

HV Connections Protection

The connections between the individual capacitor bank circuit breakers and main bank circuit breaker should be protected by a differential relay. The number of current transformers required is dependent upon the primary circuit configuration, but one set of phase current transformers should be provided per circuit breaker as shown in Figure 3. The current transformers should have the same turns ratio and class type X. The protection should operate for phase & earth faults on the bank, and be stable for inrush or out-rush transients, normal operating conditions, & external faults. 

In order to cover the possible failure of the H.V. connections differential protection relay, an IDMTL back-up overcurrent and earth fault relay should be provided to trip the main bank circuit breaker.
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