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L - Power factor correction and 
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1 Reactive energy and power 

factor 

1.1 The nature of reactive energy 

All inductive (i.e. electromagnetic) machines and devices that operate on AC systems 
convert electrical energy from the power system generators into mechanical work 
and heat. This energy is measured by kWh meters, and is referred to as "active" 
or "wattful" energy. In order to perform this conversion, magnetic fields have to be 
established in the machines, and these fields are associated with another form of 
energy to be supplied from the power system, known as "reactive" or "wattless" 
energy. 

The reason for this is that inductive circuit cyclically absorbs energy from the system 
(during the build-up of the magnetic fields) and re-injects that energy into the system 
(during the collapse of the magnetic fields) twice in every power-frequency cycle . 

An exactly similar phenomenon occurs with shunt capacitive elements in a power 
system, such as cable capacitance or banks of power capacitors, etc. In this case, 
energy is stored electrostatically. The cyclic charging and discharging of capacitive 
circuit reacts on the generators of the system in the same manner as that described 
above for inductive circuit, but the current flow to and from capacitive circuit in exact 
phase opposition to that of the inductive circuit. This feature is the basis on which 
power factor correction schemes depend. 

It should be noted that while this "wattless" current (more accurately, the "wattless" 
component of a load current) does not draw power from the system, it does cause 
power losses in transmission and distribution systems by heating the conductors. 

In practical power systems, "wattless" components of load currents are invariably 
inductive, while the impedances of transmission and distribution systems are 
predominantly inductively reactive. The combination of inductive current passing 
through an inductive reactance produces the worst possible conditions of voltage 
drop (i.e. in direct phase opposition to the system voltage). 

For these reasons (transmission power losses and voltage drop), the power-supply 
authorities reduce the amount of "wattless" (inductive) current as much as possible. 

"Wattless" (capacitive) currents have the reverse effect on voltage levels and produce 
voltage-rises in power systems. 

The power {kW) associated with "active" energy is usually represented by the letter P. 

The reactive power (kvar) is represented by Q. Inductively-reactive power is 
conventionally positive (+ Q) while capacitively-reactive power is shown as a 
negative quantity (- Q). 

The apparent power S (kVA) is a combination of P and Q (see Fig. L 1 ). 
Sub-clause 1.3 shows the relationship between P, Q, and S. 

Q 
(kvar) 

s 
(kVA) 

p 
(kW) 

Fig. L 1 : An electric motor requires active power P and reactive power Q from the power system 

1.2 Equipement and appliances requiring reactive 
energy 

All AC equipement and appliances that include electromagnetic devices, or depend 
on magnetically-coupled windings, require some degree of reactive current to create 
magnetic flux. 
The most common items in this class are transformers and reactors, motors and 
discharge lamps (with magnetic ballasts) (see Fig. L2). 
The proportion of reactive power (kvar) with respect to active power (kW) when an 
item of equipement is fully loaded varies according to the item concerned being: 
• 65-75% for asynchronous motors 
• 5-10% for transformers 
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1.3 The power factor 

Definition of power factor 

The power factor of a load, which may be a single power-consuming item, or a 
number of items (for example an entire installation), is given by the ratio of P/S i.e. 
kW divided by kVA at any given moment. 

The value of a power factor will range from O to 1. 

If currents and voltages are perfectly sinusoidal signals, power factor equals cos <p. 
A power factor close to unity means that the reactive energy is small compared with 
the active energy, while a low value of power factor indicates the opposite condition. 

Power vector diagram 

• Active power P (in kW} 
o Single phase (1 phase and neutral): P =VI cos <p 
o Single phase (phase to phase): P = U I cos qi 
o Three phase (3 wires or 3 wires+ neutral): P = /3 U I cos <p 
• Reactive power Q (in kvar) 
o Single phase (1 phase and neutral): P =VI sin <p 
o Single phase (phase to phase): Q 

= U I sin <p 
o Three phase (3 wires or 3 wires+ neutral): P = /3 U I sin <p 
•Apparent power S (in kVA) 
o Single phase (1 phase and neutral}: S =VI 
o Single phase (phase to phase): S = U I 
o Three phase (3 wires or 3 wires+ neutral): P = /3 U I 
where: 
V = Voltage between phase and neutral 
U = Voltage between phases 

I = Line current 
<p = Phase angle between vectors V and I. 
o For balanced and near-balanced loads on 4-wire systems 

Current and voltage vectors, and derivation of the power diagram 

The power "vector" diagram is a useful artifice, derived directly from the true rotating 
vector d iagram of currents an� voltage, as follows: 

The power-system voltages are taken as the reference quantities, and one phase 
only is considered on the assumption of balanced 3-phase loading. 

The reference phase voltage (V) is co-incident with the horizontal axis, and the 
current (I) of that phase will, for practically all power-system loads, lag the voltage by 
an angle <p. 
The component of I which is in phase with V is the "wattful" component of I and is 
equal to I cos <p, while VI cos <p equals the active power (in kW) in the circuit, if V is 
expressed in kV. 

The component of I which lags 90 degrees behind V is the wattless component of 
I and is equal to I sin <p, while VI sin <p equals the reactive power (in kvar) in the 
circuit, if V is expressed in kV. 

If the vector I is multiplied by V, expressed in kV, then VI equals the apparent power 
(in kVA) for the circuit. 

The simple formula is obtained: s2 = p2 + Q2 
The above kW, kvar and kVA values per phase, when multiplied by 3, can therefore 
conveniently represent the relationships of kVA, kW, kvar and power factor for a total 
3-phase load, as shown in F igure L3 . 

Q = VT sin qi (kvar) 

Fig. L3 : Power diagram 

P = Vl cosq>(kW) 1 

I 
S =VI (kVA) 1 

P = Active power 

Q = Reactive power 

S = Apparent power 
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P = 56 kW 

Fig. L5 : Calculation power diagram 

Q = 33 kvar 

1 Reactive energy and pt1vver 
factor 

An example of power calculations (see Fig. L4 ) 

lApparent power 
. S J�"'"V,_A) ,._ ,,_ .•• 

S =VI 
Sin le-phase (phase to phase) S = UI P = UI cos Cfl 
Example 5 kW of load 10 kVA 

cos = 0.5 
5 kW 8.7 kvar 

Three hase 3 -wires or 3-wires + neutral S = /3 UI P = /3 UI cos Q = /3 UI sin 
Example Motor Pn = 51 kW 65 kVA 

cos Cfl = 0.86 
56 kW 33 kvar 

= 0.91 (motor efficiency) 

Fig. L4 : Example in the calculation of active and reactive power 

1.4 Practical values of power factor 

The calculations for the three-phase example above are as follows: 
Pn =delivered shaft power= 51 kW 
P = active power consumed 

P= Pn 
=�=56 kW 

p 0.91 

S = apparent power 

S= -
p

-=� =65 kVA 
cos <p 0.86 

So that, on referring to diagram Figure L5 or using a pocket calculator, the value of 
tan cp corresponding to a cos cp of 0.86 is found to be 0.59 
Q = P tan cp = 56 x 0.59 = 33 kvar (see Figure L 15). 
Alternatively 

O =�S2-P2 =�652-562 =33 kvar 

Average power factor values for the most commonly-used equipment and 

appliances (see Fig. L6) 

[!!qu)pment·an. 'appliances. ·�-
-··. <:Qii"ip""··· 

•common ·==ioacieifiit oo/;;-·· ·· 

·a:rr· · 

induction motor 25% 0.55 
50% 0.73 
75% 0.80 0.75 

1 00% 0.85 0.62 
• Incandescent lamps 
• Fluorescent lamps (uncompensated) 
• Fluorescent lamps (compensated) 
• Dischar e lam s 
• Ovens using resistance elements 
• Induction heating ovens (compensated) 
• Dielectric type heating ovens 
• Resistance-type soldering machines 
• Fixed 1 -phase arc-welding set 
• Arc-welding motor-generating set 
•Arc-welding transformer-rectifier set 
• Arc furnace 

1 .0 
0.5 
0.93 
0.4 to 0.6 
1 .0 
0.85 
0. 85 
0.8 to 0.9 
0. 5 
0. 7 to 0. 9 
0.7 to 0.8 
0.8 

Fig. L6 : Values of cos cp and tan cp for commonly-used equipment 
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2 Why to improve the power 

factor? 

2.1 Reduction in the cost of electricity 

Good m anagement in the consumption of reactive energy brings economic 
advantages. 

These notes are based on an actual tariff structure commonly applied in  Europe, 
designed to encourage consumers to minimize their consumption of reactive energy. 

The installation of power-factor correction capacitors on installations permits the 
consume r  to reduce his electricity bill by maintaining the level of reactive-power 
consumption below a value contractually agreed with the power supply authority. 
In this particular tariff, reactive energy is billed according to the tan cp criterion. 
As previously noted: 

t 
Q (kvarh) 

an cp = 

P (kWh) 

The power supply authority delivers reactive energy for free: 
• If the reactive energy represents less than 40% of the active energy (tan <p < 0.4) 
for a maximum period of 16 hours each day (from 06-00 h to 22-00 h) during the 
most-heavily loaded period (often in winter) 

•Without limitation during light-load periods in winter, and in spring and summer. 
During the periods of limitation, reactive energy consumption exceeding 40% of 
the active energy (i.e. tan cp > 0.4) is billed monthly at the current rates. Thus, the 
quantity of reactive energy billed in these periods will be: 
kvarh (to be billed) = kWh (tan (p > 0.4) where: 
o kWh is the active energy consumed during the periods of limitation 
o kWh tan er is the total reactive energy during a period of limitation 
o 0.4 kWh is the amount of reactive energy delivered free during a period of 
limitation 

tan cp = 0.4 corresponds to a power factor of 0.93 so that, if steps are taken to ensure 
that during the limitation periods the power factor never falls below 0.93, 
the consumer will have nothing to pay for the reactive power consumed. 

Against the financial advantages of reduced billing, the consumer must balance 
the cost of purchasing, installing and maintaining the power factor improvement 
capacitors and controlling switchgear, automatic control equipment (where stepped 
levels of compensation are required) together with the additional kWh consumed by 
the dielectric losses of the capacitors, etc. It may be found that it is more economic 
to provide partial compensation only, and that paying for some of the reactive energy 
consumed is less expensive than providing 100% compensation. 

The question of power-factor correction is a matter of optimization, except in very 
simple cases. 

2.2 Technical/economic optimization 

A high power factor allows the optimization of the components of an installation. 
Overating of certain equipment can be avoided, but to achieve the best results, the 
correction should be effected as close to the individual inductive items as possible. 

Reduction of cable size 

Figure L7 shows the required increase in the size of cables as the power factor is 
reduced from unity to 0.4, for the same active power transmitted. 

" ,,,_ . -· 

Multiplying factor 
for the cross-sectional 
area of the cable core(s) 
cos tp 

1. 25 

0.8 

Fig. L7: Mulfiplying factor for cable size as a function of cos cp 

1 .67 2. 5 

0.6 0.4 
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(1) Since other benefits are obtained from a high value of 
power factor, as previously noted. 

2 Why to improve the power 

factor? 

Reduction of losses (P, kW) in cables 

Losses in cables are proportional to the current squared, and are measured by the 
kWh meter of the installation. Reduction of the total current in a conductor by 1 0% for 
example, will reduce the losses by almost 20%. 

Reduction of voltage drop 

Power factor correction capacitors reduce or even cancel completely the (inductive) 
reactive current in upstream conductors, thereby reducing or eliminating voltage 
drops. 

Note: Over compensation will produce a voltage rise at the capacitor level. 

Increase in available power 

By improving the power factor of a load supplied from a transformer, the current 
through the transformer will be reduced, thereby allowing more load to be added. In  
practice, i t  may be less expensive to improve the power factor (1l, than to replace the 
transformer by a larger unit. 

This matter is further elaborated in clause 6. 
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a} Reactive current components only flow pattern 

81 IL�IC ! IC 
I
C 

IL 

1�

L 

f
R 

Load · 

b} When IC = lL, all reactive power is supplied from the 
capacitor bank 

8+---1 -=------.--lft ----=-�1�2= R 
lL - IC = 0 ± �C lL t= �L l 

c} With load current added to case (b) 

IR I IC IR + lL 

I
C 

...______, 

Load 

t IL IR 
L 

- -
...______, 

Load 

Fig. LB . Showing the essential features of power-factor 
correction 

p 

R 

Q 

Fig. L9 : Diagram showing the principle of compensation: 

Qc = P (tan qi - tan <p J 

3 How to improve the power factor? 

3.1 Theoretical principles 

An inductive load having a low power factor requires the generators and 
transmission/distribution systems to pass reactive current {lagging the system 
voltage by 90 degrees) with associated power losses and exaggerated voltage 
drops, as noted in sub-clause 1.1. If a bank of shunt capacitors is added to the 
load, its (capacitive) reactive current will take the same path through the power 
system as that of the load reactive current. Since, as pointed out in sub-clause 
1.1, this capacitive current Tc {which leads the system voltage by 90 degrees) is 
in direct phase opposition to the load reactive current (TL), the two components 
flowing th rough the same path will cancel each other, such that if the capacitor bank 
is sufficiently large and le = IL there will be no reactive current flow in the system 
upstream of the capacitors. 

This is indicated in Figure LB (a) and (b) which show the flow of the reactive 
components of current only. 
In this figure: 
R represents the active-power elements of the load 
L represents the (inductive) reactive-power elements of the load 
C represents the (capacitive) reactive-power elements of the power-factor correction 
equipment (i.e. capacitors). 

It will be seen from diagram (b) of Figure L9, that the capacitor bank C appears 
to be supplying all the reactive current of the load. For this reason, capacitors are 
sometimes referred to as "generators of lagging vars". 

In diagram (c) of Figure L9, the active-power current component has been added, 
and shows that the (fully-compensated) load appears to the power system as having 
a power factor of 1.  

In general, it is  not economical to fully compensate an installation. 

Figure L9 uses the power diagram discussed in sub-clause 1.3 (see Fig. L3) to 
illustrate the principle of compensation by reducing a large reactive power Q to a 
smaller value Q' by means of a bank of capacitors having a reactive power Qc. 
In doing so, the magnitude of the apparent power S is seen to reduce to S'. 

Example: 

A motor consumes 100 kW at a power factor of 0.75 (i.e. tan qi = 0.88). To improve 
the power factor to 0.93 (i.e. tan q> = 0.4), the reactive power of the capacitor bank 
must be : Qc = 100 (0.88 - 0.4) = 48 kvar 

The selected level of compensation and the calculation of rating for the capacitor 
bank depend on the particular installation. The factors requiring attention are 
explained in a general way in clause 5, and in clauses 6 and 7 for transformers and 
motors. 

Note: Before starting a compensation project, a number of precautions should be 
observed. In particular, oversizing of motors should be avoided, as well as the no
load running of motors. In this latter condition, the reactive energy consumed by a 
motor results in a very low power factor("' 0.17); this is because the kW taken by the 
motor {when it is unloaded) are very small. 

3.2 By using what equipment? 

Compensation at LV 
At low voltage, compensation is provided by: 
• Fixed-value capacitor 

• Equipment providing automatic regulation, or banks which allow continuous 
adjustment according to requirements, as loading of the installation changes 

Note: When the installed reactive power of compensation exceeds 800 kvar, and the 
load is continuous and stable, it is often found to be economically advantageous to 
instal capacitor banks at the medium voltage level. 
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Fixed capacitors (see Fig. L10) 

This arrangement employs one or more capacitor(s) to form a constant level of 
compensation. Control may be: 
• Manual: by circuit-breaker or load-break switch 

• Semi-automatic: by contactor 

• Direct connection to an appliance and switched with it 

These capacitors are applied: 
•At the terminals of inductive devices (motors and transformers) 

• At busbars supplying numerous small motors and inductive appliance for which 
individual compensation would be too costly 

• In cases where the level of load is reasonably constant 

Fig. L 10: Example of fixed-value compensation capacitors 

Automatic capacitor banks (see Fig. L 11) 

This kind of equipment provides automatic control of compensation, maintaining the 
power factor within close limits around a selected level. Such equipment is applied at 
points in an installation where the active-power and/or reactive-power variations are 
relatively large, for example: 
• At the busbars of a general power distribution board 

• At the terminals of a heavily-loaded feeder cable 

Fig. L 11 : Example of automatic-compensation-regulating equipment 

Schneider Electric - Electrical installation guide 2009 



L - Power factor correction and 
harmonic filtering 

'Automa"tical/y-"regulatedibanks .of capacitors 
allow .an immediate adaptation ofcompensati 
to matehtbe4evel of'Ti!xad 

. ····•··· ·············--·� ·-··· ··· - �� . .•. - ... �J 

The principles of, and reasons, for using automatic 
compensation 
A bank of capacitors is divided into a number of sections, each of which is controlled 
by a contactor. Closure of a contactor switches its section into parallel operation with 
other sections already in service. The size of the bank can therefore be increased or 
decreased in steps, by the closure and opening of the controlling contactors. 

A control relay monitors the power factor of the controlled circuit(s) and is arranged 
to close and open appropriate contactors to maintain a reasonably constant 
system power factor (within the tolerance imposed by the size of each step of 
compensation). The current transformer tor the monitoring relay must evidently 
be placed on one phase of the incoming cable which supplies the circuit(s) being 
controlled, as shown in Figure L 12. 

A Varset Fast capacitor bank is an automatic power factor correction equipment 
including static contactors (thyristors) instead of usual contactors. Static correction 
is particularly suitable for a certain number of installations using equipment with fast 
cycle and/or sensitive to transient surges. 

The advantages of static contactors are : 
• Immediate response to all power factor fluctuation (response time 2 s or 40 ms 
according to regulator option) 
• Unlimited number of operations 
• Elimination of transient phenomena on the network on capacitor switching 
• Fully silent operation 

By closely matching compensation to that required by the load, the possibility of 
producing overvoltages at times of low load will be avoided, thereby preventing 
an overvoltage condition, and possible damage to appliances and equipment. 
Overvoltages due to excessive reactive compensation depend partly on the value of 
source impedance. 

CT In 15 A cl 1 

Fig. L 12: The principle of automatic-compensation control 

3.3 The choice between a fixed or automatically
regulated bank of capacitors 

Commonly-applied rules 

Where the kvar rating of the capacitors is less than, or equal to 15% of the supply 
transformer rating, a fixed value of compensation is appropriate. Above the 15% 
level, it is advisable to install an automatically-controlled bank of capacitors. 
The location of low-voltage capacitors in an installation constitutes the mode of 
compensation, which may be global (one location for the entire installation), partial 
(section-by-section), local (at each individual device), or some combination of the 
latter two. In principle, the ideal compensation is applied at a point of consumption 
and at the level required at any instant. 

In practice, technical and economic factors govern the choice. 
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harmonic filter ing 4 Where to install correction 

capacitors? 

4.1 Global compensation (see Fig. L13) Where a4oad1s-continuous and stabl 
compensafion·can be--applied . --�j Principle 

'compens�tion:hy.
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Fig. L 14 : Compensation by sector 

The capacitor bank is connected to the busbars of the main LV distribution board for 
the installation, and remains in service during the period of normal load. 

Advantages 

The global type of compensation: 
• Reduces the tariff penalties for excessive consumption of kvars 

• Reduces the apparent power kVA demand, on which standing charges are usually 
based 

• Relieves the supply transformer, which is then able to accept more load if 
necessary 

Comments 

• Reactive current still flows in all conductors of cables leaving (i.e. downstream of) 
the main LV distribution board 
• For the above reason, the sizing of these cables, and power losses in them, are 
not improved by the global mode of compensation. 

Fig. L 13 : Global compensation 

4.2 Compensation by sector (see Fig. L14) 

Principle 

Capacitor banks are connected to busbars of each local distribution board, as shown 
in Figure L 14. 

A significant part of the installation benefits from this arrangement, notably the feeder 
cables from the main distribution board to each of the local distribution boards at 
which the compensation measures are applied. 

Advantages 

The compensation by sector: 
• Reduces the tariff penalties for excessive consumption of kvars 
• Reduces the apparent power kVA demand, on which standing charges are usually 
based 

· 

• Relieves the supply transformer, which is then able to accept more load if 
necessary 

• The size of the cables supplying the local distribution boards may be reduced, or 
will have additional capacity for possible load increases 
• Losses in the same cables will be reduced 

Comments 

• Reactive current still flows in all cables downstream of the local distribution boards 

• For the above reason, the sizing of these cables, and the power losses in them, 
are not improved by compensation by sector 

• Where large changes in loads occur, there is always a risk of overcompensation 
and consequent overvoltage problems 
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4.3 Individual compensation 

Principle 

Capacitors are connected directly to the terminals of inductive circuit (notably motors, 
see further in Clause 7). Individual compensation should be considered when the 
power of the motor is significant with respect to the declared power requirement 
(kVA) of the installation. 
The kvar rating of the capacitor bank is in the order of 25% of the kW rating of the 
motor. Complementary compensation at the origin of the installation (transformer) 
may also be beneficial. 

Advantages 

Individual compensation: 
• Reduces the tariff penalties for excessive consumption of kvars 

• Reduces the apparent power kVA demand 

• Reduces the size of all cables as well as the cable losses 

Comments 

• Significant reactive currents no longer exist in the installation 
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L - Power factor correction and 
harmonic filtering 5 How to decide the optimum level 

of compensation? 

5.1 General method 

Listing of reactive power demands at the design stage 

This listing can be made in the same way (and at the same time) as that for the 
power loading described in chapter A. The levels of active and reactive power 
loading, at each level of the installation (generally at points of distribution and sub
distribution of circuits) can then be determined. 

Technical-economic optimization for an existing installation 

The optimum rating of compensation capacitors for an existing installation can be 
determined from the following principal considerations: 
• Electricity bills prior to the installation of capacitors 
• Future electricity bills anticipated following the installation of capacitors 
• Costs of: 
o Purchase of capacitors and control equipment (contactors, relaying, cabinets, etc.) 
o Installation and maintenance costs 
o Cost of dielectric heating losses in the capacitors, versus reduced losses in cables, 
transformer, etc., following the installation of capacitors 

Several simplified methods applied to typical tariffs (common in Europe) are shown 
in sub-clauses 5.3 and 5.4. 

5.2 Simplified method 

General principle 

An approximate calculation is generally adequate for most practical cases, and may 
be based on the assumption of a power factor of 0.8 (lagging) before compensation. 
In order to improve the power factor to a value sufficient to avoid tariff penalties (this 
depends on local tariff structures, but is assumed here to be 0.93) and to reduce 
losses, volt-drops, etc. in the installation, reference can be made to Figure L15 next 
page .. 

From the figure, it can be seen that, to raise the power factor of the installation from 
0.8 to 0.93 will require 0.355 kvar per kW of load. The rating of a bank of capacitors 
at the busbars of the main distribution board of the installation would be 

Q (kvar) = 0.355 x P (kW). 

This simple approach allows a rapid determination of the compensation capacitors 
required, albeit in the global, partial or independent mode. 

Example 

It is required to improve the power factor of a 666 kVA installation from 0.75 to 0.928. 
The active power demand is 666 x 0.75 = 500 kW. 
In Figure L 15, the intersection of the row cos cp = 0.75 (before correction) with 
the column cos cp = 0.93 (after correction) indicates a value of 0.487 kvar of 
compensation per kW of load. 
For a load of 500 kW, therefore, 500 x 0.487 = 244 kvar of capacitive compensation 
is required. 

Note: this method is valid for any voltage level, i.e. is independent of voltage. 
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0.59 0.86 0.109 0.140 0.167 0.198 0.230 0.264 0.301 0.343 0.390 0.450 
o_ .5_7 ___ o_. _87_--. _ ____ _, __ _, o_. _o8_3 

_ _.,.o_. _11_4_..,.o_. _1 _4 _1 ___,_o. _1 _12_-+o_. _2 _04 _ _ o.238 o.275 o.317 o.364 o.424 
0.54 0.88 0.054 0.085 o. 112 0.143 0.175 0.209 0.246 0.288 0.335 0.395 
0.51 0.89 0.028 0.059 0.086 0.117 0.149 0.183 0.230 0.262 0.309 0.369 
0.48 0.90 0.031 0.058 0.089 0.121 0.155 0.192 0.234 k>.281 0.341 

Value selected as an example on section 5.2 

Value selected as an example on section 5.4 

Fig. L 15: kvar to be installed per kW of load, to improve the power factor of an installation 
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Fig. L29 : Operation principle of active filter 
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Fig. L30 : Operation principle of hybrid filter 
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9 The effects of ha1·monics 

For example: h0 = � S�c 
may give a value for h0 of 2.93 which shows that the 

natural frequency of the capacitor/system-inductance combination is close to the 3rd 
harmonic frequency of the system. 

From h0 = _1_ it can be seen that 10 = 50 h0 = 50 x 2.93 = 146.5 Hz 50 
The closer a natural frequency approaches one of the harmonics present on the 
system, the greater will be the (undesirable) effect. In the above example, strong 
resonant conditions with the 3rd harmonic component of a distorted wave would 
certainly occur. 

In such cases, steps are taken to change the natural frequency to a value which will 
not resonate with any of the harmonics known to be present. This is achieved by the 
addition of a harmonic-suppression inductor connected in series with the capacitor 
bank. 

On 50 Hz systems, these reactors are often adjusted to bring the resonant frequency 
of the combination, i.e. the capacitor bank + reactors to 1 90 Hz. The reactors are 
adjusted to 228 Hz for a 60 Hz system. These frequencies correspond to a value 
for h0 of 3.8 for a 50 Hz system, i.e. approximately mid-way between the 3rd and 51h 

harmonics. 

In this arrangement, the presence of the reactor increases the fundamental 
frequency (50 Hz or 60 Hz) current by a small amount (7-8%) and therefore the 
voltage across the capacitor in the same proportion. 

This feature is taken into account, for example, by using capacitors which are 
designed for 440 V operation on 400 V systems. 

Active filter (see Fig. L29) 

Active filters are based on power electronic technology. They are generally installed 
in parallel with the non linear load. 

Active filters analyse the harmonics drawn by the load and then inject the same 
harmonic current to the load with the appropriate phase. As a result, the harmonic 
currents are totally neutralised at the point considered. This means they no longer 
flow upstream and are no longer supplied by the source. 
A main advantage of active conditioners is that they continue to guarantee efficient 
harmonic compensation even when changes are made to the installation. They are 
also exceptionally easy to use as they feature: 
• Auto-configuration to harmonic loads whatever their order of magnitude 
• Elimination of overload risks 
• Compatibility with electrical generator sets 
• Connection to any point of the electrical network 
• Several conditioners can be used in the same installation to increase depoliution 
efficiency (for example when a new machine is installed) 

Active filters may provide also power factor correction. 

Hybrid filter (see Fig. L30) 

This type of filter combines advantages of passive and active filter. One frequency 
can be filtered by passive filter and all the other frequencies are filtered by active 
filter. 

Schneider Electric - Electrical installation guide 2009 



L - Power factor correction and 
harmonic filtering 9 ics 

9.3 Choosing the optimum solution 

Figure L31 below shows the criteria that can be taken into account to select the 
most su itable technology depending on the application. 

r !Pass!veitoier ' fActhie: tnler · 
Appiicaiioiis I ndustrial tertiary · 
. . .  with total power of non greater than lower than 
linear loads (variable speed 200 kVA 200 kVA 

Hyiiii&tiher 
1ndusfria1 ············ · 
greater than 

200 kVA 
drive, ,UPS, rectifier . . .  ) 
Power factor correction 

---+-------+-
N
-

o
-·---·---1�--.. ----

, 
Necessity of reducing the 
harmonic distorsion in 
voltage lor sensitive loads 
Necessity of reducing 
the harmonic distorsion 
in current to avoid cable 
overload 
Necessity of being in No 
accordance with strict 
limits of harmonic 
rejected 

Fig. L31 : Selection of tile most suitable tec/Jnology depending on the application 

For passive filter, a choice is made from the following parameters: 

: 

• Gh = the sum of the kVA ratings of all harmonic-generating devices (static 
converters, inverters, speed controllers, etc.) connected to the busbars from which 
the capacitor bank is supplied. If the ratings of some of these devices are quoted in 
kW only, assume an average power factor of 0.7 to obtain the kVA ratings 

• Ssc = the 3-phase short-circuit level in kVA at the terminals of the capacitor bank 

• Sn = the sum of the kVA ratings of all transformers supplying (Le. directly 
connected to) the system level of which the busbars form a part 

If a number of transformers are operating in parallel, the removal from service of one 
or more, will significantly change the values of Ssc and Sn. From these parameters, 
a choice of capacitor specification which will ensure an acceptable level of operation 
with the system harmonic voltages and currents, can be made, by reference to 
Figure L32. 

• General rule valid for any size of transformer 
i�h � siic · · r$sc �, �� � $s9 ssc 
L .•....

... 1 ?9 .. ' 1 2Q; 'lO Gh > 10• 
Standard capacitors Capacitor voltage rating Capacitor voltage rating 

increased by 1 0% increased by 1 0% 
(except 230 V units) + harmonic-sup ression reactor 

• Simplified rule if transformer(s) rating Sn "' 2 MVA 
Ph �� o1ii s< '.S.n;

_
· ·········-.. ] r9:1· s s;;: ; t�fi �'o:2s sii;···· 

Standard capacitors Capacitor voltage rating 
increased by 1 0% 
(except 230 V units) 

Capacitor voltage rating 
increased by 1 0% 
+ harmonic suppression 
reactor 

Filters 

Fig. L32 : C/Joice of solutions for limiting harmonics associated with a LV capacitor bank supplied 
via transformer(s) 
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( 1) Merlin-Gerin designation 

1 O Implementation of capacitor 

banks 

10.1 Capacitor elements 

Technology 
The capacitors are dry-type units (i.e. are not impregnated by liquid dielectric) 
comprising metallized polypropylene self-healing film in the form of a two-film roll. 
They are protected by a high-quality system (overpressure disconnecter used with 
a high breaking capacity fuse) which switches off the capacitor if an internal fault 
occurs. 

The protection scheme operates as follows: 
• A short-circuit through the dielectric will blow the fuse 

• Current levels greater than normal, but insufficient to blow the fuse sometimes 
occur, e.g. due to a microscopic flow in the dielectric film. Such 'faults" often re-seal 
due to local heating caused by the leakage current, i .e. the units are said to be "self
healing" 

• If the leakage current persists, the defect may develop into a short-circuit, and the 
fuse will blow 

• Gas produced by vaporizing of the metallisation at the faulty location will gradually 
build up a pressure within the plastic container, and will eventually operate a 
pressure-sensitive device to short-circuit the unit, thereby causing the fuse to blow 

Capacitors are made of insulating material providing them with double insulation and 
avoiding the need for a ground connection (see Fig. L33). 

a) 

Discharge _______ Jr1-.1,1.1 _ __,, 

b) 

Standard 

Operating range 

resistor 

Metallic 
disc 

Rated voltaoe 
Rated frequency 

Capacitance tolerance 
Temperature range Maximum temperature 
(up to 65 kvar) Average temperature over 

24 h 
Average annual 
temperature 
Minimum temperature 

Insulation level 

Permissible current overload 

Permissible voltaoe overload 

. . ....... 
=�-=�� w""···•· , �y�.-..... .,.��······d 

IEC 60439-1 , NFC 54-1 04, VDE 0560 CSA 
Standards, UL tests 
400 V 
50 Hz 
- 5% to +  t o% 
55 °C 
45 ·c 

35 °C 

- 25 °C 
50 Hz t min withstand voltage : 6 kV 
1 .2/50 ;ts impulse withstand voltage : 25 kV 
Classic rangel11 l Comfort rangel1l 
30% 1 50% 
1 0% 1 20% 

Fig. L33 : Capacitor element, (a) cross-section, (b) electrical characteristics 
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(1) Merlin-Gerin designation 
(2) Harmony capacitor banks are equipped with a harmonic 
suppression reactor. 

1 O lrnplernentai:ion of 
bani{s 

10.2 Choice of protection, control devices and 
connecting cables 

The choice of upstream cables and protection and control devices depends on the 
current loading. 

For capacitors, the current is a function of: 
• The applied voltage and its harmonics 

• The capacitance value 

The nominal current In of a 3-phase capacitor bank is equal to: 

In = 
Q

I,;" with: 
Unv3 

o Q: kvar rating 

o Un: Phase-to-phase voltage (kV) 

The permitted range of applied voltage at fundamental frequency, plus harmonic 
components, together with manufacturing tolerances of actual capacitance (for a 
declared nominal value) can result in a 50% increase above the calculated value of 
current. Approximately 30% of this increase is due to the voltage increases, while a 
further 15% is due to the range of manufacturing tolerances, so that 
1.3 x 1.15 = 1.5 

All components carrying the capacitor current therefore, must be adequate to cover 
this "worst-case" condition, in an ambient temperature of 50 °C maximum. In the 
case where temperatures higher than 50 °C occur in enclosures, etc. derating of the 
components will be necessary. 

Protection 

The size of the circuit-breaker can be chosen in order to allow the setting of long 
time delay at: 

• 1.36 x Tn for Classic range('l 

• 1.50 x In for Comfort range(•! 

• 1.12 x In for Harmony range(1l (tuned at 2.7 1)(2l 

• 1.19 x In for Harmony range<ll (tuned at 3.8 f) 

• 1.31 x In for Harmony range<1l (tuned at 4.3 f) 

Short time delay setting (short-circuit protection) must be insensitive to inrush 
current. The setting will be 10 x In for Classic, Comfort and Harmony range!I> . 

Example 1 

50 kvar - 400V - 50 Hz - Classic range 

In = 
50,000 

72 A (400 x 1.732) 

Long time delay setting: 1.36 x 72 = 98 A 

Short time delay setting: 10 x In = 720 A 

Example 2 
50 kvar - 400V - 50 Hz - Harmony range (tuned at 4.3 f) 

In = 72 A 

Long time delay setting: 1.31 x 72 = 94 A 

Short time delay setting: 1 O x In = 720 A 

Upstream cables 

Figure L34 next page gives the minimum cross section area of the upstream cable 
for Rectiphase capacitors. 

Cables for control 
The minimum cross section area of these cables will be 1.5 mm2 for 230 V. 

For the secondary side of the transformer, the recommended cross section 
area is ;.. 2.5 mm2. 
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(1) Minimum cross-section not allowing for any correction 
factors (installation mode, temperature, etc.). The calculations 
were made tor single-pole cables laid in open air at 30 •c. 

1 0  I m plementation 
ban 

!Bank power Copper 
[(kvar) cross-section 
;��-0. Y .. ............. . .  

_400 V ' lmm2l 
5 1 0  2.5 
10 20 4 
1 5  30 6 
20 40 1 0  
25 50 1 6  
30 60 25 
40 BO 35 
50 1 00 50 
60 1 20 70 
70 1 40 95 
90-1 00 1 80 120 

200 1 50 
1 20 240 185 
1 50 250 240 

300 2 x 95 
1 80-210 360 2 x 1 20 
245 420 2 x 1 50 
280 480 2 x 1 85 
3 1 5  540 ·2 x 240 
350 600 2 x 300 
385 660 3 x 1 50 
420 720 3 x 1 85 

capacitor 

·��"==l 
1 6  
1 6  
1 6  
16  
25 
35 
50 
70 
95 
120 
185 
240 
2 x 95 
2 x 1 20 
2 x 1 50 
2 x 1 85 
2 x 240 
2 x 300 
3 x 1 85 
3 x 240 
3 x 240 
3 x 300 

Fig L34 : Cross-section of cables connecting medium and high power capacitor banks111 

Voltage transients 

High-frequency voltage and current transients occur when switching a capacitor 
bank into service. The maximum voltage peak does not exceed (in the absence of 
harmonics) twice the peak value of the rated voltage when switching uncharged 
capacitors. 

In the case of a capacitor being already charged at the instant of switch closure, 
however, the voltage transient can reach a maximum value app·roaching 3 times the 
normal rated peak value. 

This maximum conditi9n occurs only if: 
• The existing voltage at the capacitor is equal to the peak value of rated voltage, 
and 

• The switch contacts close at the instant of peak supply voltage, and 

• The polarity of the power-supply voltage is opposite to that of the charged 
capacitor 

In such a situation, the current transient will be at its maximum possible value, viz: 
Twice that of its maximum when closing on to an initially uncharged capacitor, as 
previously noted. 

For any other values of voltage and polarity on the pre-charged capacitor, the 
transient peaks of voltage and current will be less than those mentioned above. 
In the particular case of peak rated voltage on the capacitor having the same polarity 
as that of the supply voltage, and closing the switch at the instant of supply-voltage 
peak, there would be no voltage or current transients. 

Where automatic switching of stepped banks of capacitors is considered, therefore, 
care must be taken to ensure that a section of capacitors about to be energized is 
fully discharged. 

The discharge delay time may be shortened, if necessary, by using discharge 
resistors of a lower resistance value . 

Schneider Electric - Electrical installation guide 2009 


