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2. Introduction

Over the last few years, the interest in reactive power compensation has been growing, mainly
because of the way in which energy supplier charge a customer for reactive power. Moreover, the
energy price is growing, what force the industry plants and individual customers to minimize
energy consumption, including reactive power. The aim is to minimize reactive power flow in
supplying and distribution systems , eliminate or minimize the charge for reactive power as well
as aspire to active energy limitation, in result, reducing fare for electrical energy. In the matter of
fact, the energy providers wants they customers to compensate reactive power. Energy suppliers

determine the value of tg which has to be kept in order to avoid paying for reactive power.

There are few solutions, that alow handle the problem of reactive power compensation. One of
them is reactive power compensator basing on power capacitors. This is the most popular
compensating device, mainly because of economical reasons, they are relatively cheap comparing
withi.e. active filters or compensation by means of electric motors. That is one of the reasons, for
which Elektrotim company proposed the master's thesis topic  Design of automatic capacitor

bank They want to launch brand new product to thei r offer, that is Automatic Capacitor bank.

To begin with, the aim of the project was to design automatic detuned capacitor bank for reactive
power compensation company with rated power of 200kV ar, rated voltage of 400V and detuning
factor p=7%. One out of few assumptions was to find supplier who offers low prices and average
quality as well as the one, who offers very good quality of the power factor correction equipment

in order to meet the requirements of Elektrotim company customers.

The first most important thing before design process get started is to familiarize oneself with
standards. Then, knowing what are the requirements regarding capacitor banks in compliance
with standards | could proceed to the market survey and compare the elements capacitor bank
regarding price, features and quality. Next step isto perform all necessary calculations in order to
buy the capacitor bank equipment with proper rating. After that, when all the elements will be
ordered | design main and control circuits as well as equipment layout. As a last steps, technical

documentation and test program has to be done.

5
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3. Power theory

3.1 Active Power

Power is a measure of energy per unit time. Power therefore gives the rate of energy
consumption or production. The units for power are generally watts (W). For example, the watt
rating of an appliance gives the rate a which it uses energy. The total amount of energy
consumed by this appliance is the wattage multiplied by the amount of time during which it was
used; this energy can be expressed in units of watt-hours (or, more commonly, kilowatt-hours).
The power dissipated by a circuit element whether a n appliance or simply awireis given by

the product of its resistance and the sguare of the current through it: . The term
dissipated indicates that the electric energy is being converted to heat. This heat may be part of
the appliance s intended function (as in any electric heating device), or it may be considered a
loss (as in the resistive heating of transmission lines); the physical process is the same. Another,
more general way of calculating power is as the product of current and voltage: . For a

resistive element, we can apply Ohms law ( ) to see that the formulas and

amount to the samething: [1]

(D

3.2 Complex power

Applying the simple formula becomes more problematic when voltage and current are
changing over time, as they do in a.c. systems. In the most concise but abstract notation, power,

current, and voltage are all complex quantities, and the equation for power becomes [1]
)

where S is the apparent power and the asterisk denotes the complex conjugate of the current I,

meaning that for purposes of calculation, the sign (positive or negative) of its imaginary

6
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component is to be reversed. All this ought to make very little sense without a more detailed
discussion of complex quantities and their representation by phasors. In the interest of developing
a conceptua understanding of a.c. power, let us postpone the elegant mathematics and begin by
considering power, voltage, and current straightforwardly as real quantities that vary in time. The
fundamental and correct way to interpret the statement when |l andV vary intimeisasa
statement of instantaneous conditions. Regardless of al the complexities to be encountered, it is
always true that the instantaneous power is equa to the instantaneous product of current and
voltage. In other words, at any instant, the power equals the voltage times the current at that

instant. Thisis expressed by writing each variable as afunction of time, [1]

® (3

where the t is the same throughout the equation (i.e., the same instant).

However, instantaneous power as such is usually not very interesting to us. In power systems,
we generaly need to know about power transmitted or consumed on a time scale much greater
than 1/60 of a second. Therefore, we need an expression for power as averaged over entire cycles
of aternating current and voltage. Consider first the case of a purely resistive load. Voltage and
current are in phase; they are oscillating simultaneoudy. The average power (the average product
of voltage and current) can be obtained by taking the averages (rms values) of each and then

multiplying them together [1]. Thus,

(resistive case) (4)

Power for the resistive case is illustrated in figure below. But now consider a load with
reactance. The relative timing of voltage and current has been shifted; their maxima no longer
coincide. In fact, one quantity is sometimes negative when the other is positive. As aresult, the
instantaneous power transmitted or consumed (the product of voltage and current) is sometimes
negative. Thisis shown on Figure 1. We can interpret the negative instantaneous power as saying
that power flows backwards along the transmission line, or out of the load and back into the

generator. [1]
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Fig. 1 Power asthe product of voltage and current, with voltage and current in phase, source [1]

The energy that is being transferred back and forth belongs to the electric or magnetic fields
within these loads and generators. Since instantaneous power is sometimes negative, the average
power is clearly less than it was in the resistive case. But just how much less? Fortunately, thisis
very easy to determine: the average power is directly related to the amount of phase shift between
voltage and current. Here we skip the mathematical derivation and simply state that the reduction

in average power due to the phase shift is given by the cosine of the angle of the shift:

awe

Fig. 2. Power Power asthe product of voltage and current, with current lagging behind voltage by a phaseangle ., source[1]

8
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Thefactor of cos is called the power factor, often abbreviated p.f. This same equation can also

be written as

- ©)

which is identical because each rms value is related to the maximum vaue (amplitude) by a

factor of 1. This equation is true for any kind of load. In the special case where there is only
resistance and no phase shift, we have =0 and cos =0, so there is no need to write down the cos
f, and we get the formula from the previous page. In another special case where the load is purely
reactive (having no resistance at al), the phase shift would be =90 and cos =0, meaning that
power only oscillates back and forth, but is not dissipated (the average power is zero). The
average power corresponds to the power actually transmitted or consumed by the load. It is also
called real power, active power or true power, and is measured in watts.

There are other aspects of the transmitted power that we wish to specify. The product of current
and voltage, regardless of their phase shift, is called the apparent power, denoted by the symbol
S. Itsmagnitude is given by [1]

(6)
Although apparent and real power have the same uni ts physically, they are expressed differently

to maintain an obvious distinction. Thus, the units of apparent power are called volt-amperes
(VA). [1]

Apparent power is important in the context of equi pment capacity. Actually the crucia quantity
with respect to thermal capacity limitsis only the current. In practice, though, the current is often
inconvenient to specify. Since the operating voltage of a given piece of equipment is usually
guite constant, apparent power is a fair way of indicating the current. The point is that apparent
power is a much better measure of the current than real power, because it does not depend on the

power factor. Thus, utility equipment ratings are typically givenin kVA or MVA [1]

9
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3.3 Reactive power

Finally, we aso specify what we might intuitively think of as the difference between apparent
and real power, namely, reactive power. Reactive power is the component of power that oscillates
back and forth through the lines, being exchanged between electric and magnetic fields and not
getting dissipated. It is denoted by the symbol Q, and its magnitudeis given by [1]

" 1 (7)

Again, note how the equation converges for the resistive case where =0 and sin sin =0, as
there will be no reactive power at all. Reactive power is measured in VAR (also written Var or
VAr), for volt-ampere reactive. We can represent power as a vector in the complex plane:
namely, and arrow of length S (apparent power) that makes an angle f with the real axis. Thisis
shown in figure below. The angle is the same as the phase difference between voltage and
current. [1]

Fig. 3 Power triangle, source [1]

3.4 Recelversand sources of reactive power

It is common, that devices which consume the reactive inductive current are called
reactive power receivers, while devices consuming reactive capacitive current are referred to as
reactive power sources. [2]

Most of the industrial equipment consumes reactive power. This devices are electric
motors, transformers, conductors, chokes, converters, arc furnaces and power electronics.

In random circuit without source, the reactive power is associated with the frequency and the
peak value of the energy stored periodically within magnetic and electric field of the elements of
the circuit. [2]
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The reactive power of inductive and capacitive e ements, Qg and Q. respectively, can be
expressed as:

&.9

% 7 0*= - »——  sloz (8)

49%

%, ~ (*56-7 67,8” 6,2 ,l. (9

where 1, . and 1>z are the maximum value of the energy stored in the magnetic field of the

inductive elements of the circuit and electric field of the capacitive elements. [2]

Basing on the law of conservation of energy, the input reactive power in the source less
circuit is equal to algebraic sum of reactive power of the inductive and capacitive elements
included in acircuit, that is: [2]

% o %<% ,;1l3615. (10

Considering any electric circuit, one knows, that the generated reactive energy is equal to
the consumed energy. According to this, that most of the loads in the industry are the loads that
needs inductive reactive energy to operate. For this reason, the reactive power demand is much
more than the generator is able to produce. Therefore, there are a devices that needs to be
connected to the system in order to provide an extra source of inductive reactive power or devices
which will absorb capacitive power. These type of devices are: capacitor banks, synchronous
motors, and power electronic sources of reactive power. The cooperation of compensating

devices with linear circuits causes the reactive component of the supplying current to decrease.

[2]
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3.5 Power timeand frequency domain

There are many of theories about power in electrical circuits, but there are two groups that
they are can be divided in. One of them is considering frequency domain while the second oneis
related to time domains. Before these two approaches are explained, there is a one definition that
needs to be introduced, namely, distortion power. One needs to deal with distortion power, when
the instantaneous values of the voltage and current at the circuit's terminas do not fulfill the

Ohm‘slaw. The distortion power can be determined basing on the active and apparent power

= >67 (11

The distortion power of alinear electric circuit is very often referred to us a power of phase shift,
because the phase shift between the voltage and current cause this power to appear.

3.5.1 Frequency domain

a) Budenau's theory

Power theory in the frequency domain was published in 1927 by Budenau. He introduced two
equations for the power within nonlinear electric circuits supplied by sinusoidal voltage, with

periodical non sinusoidal current waveforms. Budenau defined the reactive power as[2]:
% 36 e 00*Ae (12)

He a so introduced the power component, so called distortion power D, describing it as follows:

= D> 6?2 6% (13
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b) Harashim's theory

Harashim assumed, that the sinusoidal voltage and load current can be expressed by following
formulas[2]:
E F #.,6 (14)
£OH 1 <3 1 <3B He#$$1 <;:B I $1 (15

L H 1 <J 1 <:B Hct$$1 <:B I $1 (16
The load current contains active and reactive component of fundamental harmonic and a sum of
higher order harmonics. The sum can be considered as the component of distortion of the current.

The formulas above says, that if the load current value and amplitude of active component are

known, one can determine reactive component of load current [2].

b E6H 1 (17)

The amplitude of active component of load current can be determined basing on the value of the

active power of the load [2]

Q Q
SQRE)PG SQRFQ*.6Ti & Ugy #$1%6  ,6<38.J1%6 ,6  1*6 ,6IPG 57U (18)

The analysis of the active power component was developed by the Nowomiegjski and Emanuel.
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3.5.2 Timedomain.

Fryze's theory

The Fryze' stheory from 1932 assumes, that apparent power S of an electric circuit contains two
components of the power, active component P and reactive component Q, described by the

following formulas [2]:
> ” (19)
2 -0 (6P6 -Q EG)G PG (20)
’ Y OZ Y OZ
% > 67?7 (21

According to the theory, everything else than the active power is considered as reactive power,
and should be removed from the circuit. Instantaneous current value of the receiver can be shown
asasum of active (ir) and reactive (i) component of the load current [2]

) <N ) =sEN )6) @
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4. Power factor and itsinfluence on supplying source

The power factor definition is correlated with sinusoidal current circuits. In the linear AC current
circuit supplied by the sinusoida voltage the power factor is referred to as cos , where  is an
angle of phase shift between the sinusoidal waveform of supplying voltage and sinusoidal current
waveform, that is[2] [3]:

b cd(a = 2 (29)
Generally speaking, one can say that power factor of electric circuit says how much of the energy
the circuit can get with respect to the electrical efficiency of the supplying source. In other words,
if the receiver is able to get all the power flowing from the source, then power factor value is
equal to one. Such situation is possible, when the Ohm's law is fulfilled. The main reason for the
power factor value to be smaller than one, is that the electric circuit accumulate certain part of the
energy. Moreover, the distortion of the current waveform with respect to the voltage waveforms
cause the power factor value to be smaller than one. Virtually, there are many of the circuits
which may have both mentioned features, i.e. thyristor controller with the RL load. In such case,

the power factor can be expressed as: [3] [2]

TOZYEG)GPG

?kY Y
FKOE 6P60) 6 PG

In sinusoidal electric circuits which cause a non sinusoida periodical current to flow, there are
two components of the power factor to be considered, that is component correlated with phase
shift between the first harmonic of the current and voltage referred to as cos . The second
component is associated with current waveform distortion with respect to the voltage waveform
and is referred to as m. The phase shift factor and distortion factor is expressed by the formulas
below, respectively [2]:

cd(A In

D? <%
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m — ——— Ip

-B
k’oCZ o]

Where: 1; the RMS value of the fundamental harmonic of the current

| the RMS current value flowing in the circuit

In order to assess what is the higher order harmonic content in sinusoidal current on

voltage waveform, the THD (Total harmonic distortion) factor was introduced [2]:

-B F
- rs@c @

= I
iq = Is

Where n denotes the harmonic order, index 1 fu ndamental component of the A waveform.
The A denotes current or voltage,

There is a possibility, to express the harmonic content in the current or voltage waveform by the

voltage or current distortion factor given by the following formula:

F It
m — 1
=

Where: A1 RMS value of fundamental component
A RMS value of the waveform being analysed

One can notice, that there is arelationship between two formulas above, that is:

One can aso determine the individual harmonic distortion factor HD, which is described by the
ratio of the n order harmonic of waveform A to th e fundamental component of this waveform

Fo

q:F—Xy
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The HD factor gives more explicit assessment of the influence of the n order harmonic on

waveform A. Therefore, the power factor will be given as[2]:

?

?
B X

?
b — mcdlA —
>

D? <% »2CZ o

The power factor value of the loads that cooperate with the power system affects the voltage
conditions of the load operation. Moreover, the degree of utilization of the power generating and
transmitting units depends on the power factor value of the loads connected to the network. All
the devices that are included in power system has determined the maximum current that can flow
through them, causing no malfunctions because of heat. In three phase circuits, for a device with
the rated power P, current value can be calculated from [2]:

%
x”{

The dependence above says, that for the particular electric device of the rated current In, at

X1

the constant voltage level U, the ratio of the nomina power Pn to the power factor is constant. If
one decrease power factor value, as aresult, the active power flow will be limited, which in turn,
decreases the capability of energy transfer of feeders, transformers as well as apparatus that

generate the energy [2].

Decrease of power factor value of the load connected to the network, causes the rise of armature
impact of the supplying generator. Therefore, one has to deal with voltage drop of the voltage
drop that is being generated. In order to counteract the voltage to drop, one needs to increase the
excitation. But this solution has also limitations, because of temperature limits of the rotor. That
is why, the active power of the load has to be decreased. That is why, the generator's active
power as a function of power factor change decreases much faster that it seems from the formulas
given in this subsection. [2]
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The improvement of the operation of electric loadsis possible, at given rated voltage. The voltage
of the electric loads depends strictly on the voltage drops aong the feeder. For sinusoidal current,

the voltage drop in feeder of resistance R and reactance X is calculated as: [2]

|? cd(A6 } O*A xx

Especiadly in high voltage line, where the X/R ratio is more than 1, when cd(A decreases, the
voltage drop increases. The power losses of transmission line are inversely proportional to the
square of power factor at constant value of transmitted active power. Let's consider the feed
with resistance R, and current | flowing through it causing the voltage drop equal to U and

active power losses P, where [2]

1? |~ x1
For the three phase system

? X Xxn
Putting In ( 32) current value of the electric device to the | ? equation (36), one can obtain

?
7 cd(A

1? Xp

It is desirable to notice, that reactive power has the same consequences for the feeder as
the active power. The active power losses caused by the electrical device of rated power P and Q
connected to the feeder are calculated as: [2]

1?7 —<— XS

The formula above shows, that at the constant value of line resistance, power |osses and

supplying voltage, the increase in reactive power cause the active power to decrease [2].
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4.1 The aim of power factor correction

Nowadays, the power electronic devices being installed almost everywhere. Then UPS system for
the computers, fast changing load and etc. make the energy quality worst. In many case, installed
Inductive load changes the network behaviour for the inductive one. In order to prevent it, certain
amount of reactive power ahs to be launched to the mains in order to achieve proper network
behaviour. In most cases, the reactive power compensations flows from the economic reason. The
industrial plant producing too much reactive power, has get rid of it in some way. When there are
no any compensators in the mains, the energy supplier has to get back all the reactive power tha
was produced. Therefore, energy suppliers charge a customer in such case. Main aims of the
reactive power compensation are [4]:

- Maintaining thetg as determined by the energy supplier in order to avoid paying
- Theenergy consumption becomes cheaper

- Improving power quality

- decreasing power losses

- decreasing the cross section of the wires

- decreasing transformer costs as well asits power |osses

- lower voltage drop of supplying network

4.1.1 Power quality nonlinear loads
There are more and more energy consumers, that use devices with nonlinear current voltage
characteristics, what affects the power quality delivered by the energy supplier. This type of
device connected to the network are generating the higher order harmonics, which in turn, are
main reason of supplying voltage distortion. The harmonics has been the most disturbing
distortion in the electric systems, and the problem still is not solved since the problem is being
gained.
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The power quality parameters are worst because of:

- nonlinear |oads
- electromagnetic immunity of devices on electromagnetic distortionsis smaller

- electromagnetic ecology

The main point of the power quality improving is to understand the problem by the energy
customers and suppliers. In order the describe the sources of the power distortion, it is necessary

to determine which parameters of the power decides about the quality.

4.1.2 Main sourcesof power distortions
The characteristic thing about the energy, isthat its quality strictly depends on the end user. The
factors, that affects the power quality the most are: faultsin power system, substations mains, as
well as switching on and off the loads of the high power. Moreover, installation of the big amount
of nonlinear loads such as lighting, electronic devicesin the vicinity of the nonlinear, high power
electric drive has a negative consequences. We can distinguish three groups of harmonics sources
in the power system [5] :

- arc devices such as arc furnace, welding machines etc.
- devices with electromagnetic cores such as transformers, electric motors or generators

- electronic and power electronic devices

The energy consumers are using more electrical devices, which convertsthe energy. This
devices, very often consist of capacitors, filters, rectifiers. The state of the art computers, TV, and
lighting also affects the phase currents. The nonlinear |oads produce higher order harmonic,
especialy the 3, 5" 7" etc. The harmonics of the currents cause some problems in the mains

while the voltage drop across the line impedance distorts the voltage [5].
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4.1.3 Influence of thenon linear loads on the power quality parameters
The nonlinear loads having electronic inputs, converts the delivered energy into the same type of
energy, but with different parameters than the one in the feeder. This type of power conversion
allows to control the conversion of the energy in order to obtain the other type of energy, i.e. the
mechanical one. It concerns the electric motors, lighting and heating. All the energy saving
systems basing on the semi-conductors (diodes, thyristors etc.) alows for the energy savings, bu
on the other hand they launch distortions to the electric grid. The nonlinear loads are being used
more often in many locations. In the ideal supplying system, the current and voltage waveform is
strictly sinusoidal. In case, where there are the nonlinear loads in the system the waveforms are
distorted. As a result of the nonlinear loads, one may have a problem with the increase of the
RMS current of the capacitors for the reactive power compensation. The devices that are prone to
the harmonics are, among other things, transformers. The harmonic presence makes the power

losses of the transformer core bigger. Distorted currents may cause [5]:

- higher supplying power
- higher power losses of transmission line
- malfunction of protection
- overheating of transformers and motors
- malfunction of capacitors for reactive power compensation
- increase of the current in neutral conductor
- disturbances for sensitive devices
shorter life expectancy of the insulation
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5. Reactive power compensation methods.
Generally speaking, aundesired power factor value caused by inductive load connected to

the supplying network can be corrected (compensated) by means of loads having capacitive
behaviour. Practically, there are two methods of reactive power compensation in electric

networks, which are depicted on the diagram below:

( ) ( .
122 21 2 1
— 1 21 = 121 <1
0 1
1
\ J \ y
( A 4 A
25
1 21 i
1
10
s J ' y
4 D 4 )
0 5 B 1 00
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- — C
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L S \ y
4 )y
21
\ J

Fig. 4 Devicesfor natural and artificial compensation method, source [4]

For not complex electric grids where there is a small amount of inductive loads, natural
method of compensation might be good enough, especialy when desired parameters of the
grid are not excessive. In case of large power grids, mentioned method is not sufficient, so
there is a need to improve the network parameters by means of artificial reactive power
compensation method. [4]
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5.1 Single, group and bulk power factor correction
There are few possible configurations of compensating systems, however there are three basic
methods that can be distinguished: [6]

» Single (fixed) power factor correction put in practice by connecting power capacitor
directly to terminals of a device that has to be compensated. Thanks of this solution,
electric grid load is minimized, since reactive power is generated at the device terminals.
This method eliminates controlling devices, since capacitor is being switched on and off
by means of the same switch as the device. The main disadvantage of this method, is that
the capacitor is not being used when the device is not operating. Moreover, the series of

type of capacitors offered by manufacturers is not always sufficient to meet the

requirements.

Tre Lood
L]

CE
Load
L]

Trl

LB Load

I

L
ES
™
oJ

Load

L]
i CB

Fig. 5 lllustration of fixed power factor correction

The figure above depicts capacitor banks connection (CB) in an example electric system. It is
noticeable, that each CB is connected directly to a particular load.
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» Group power factor correction this method is more effective than the previous one.
Group PFC assumes compensation of a group of loads supplied by the same switchgear.
Capacitor bank is usually controlled by the microprocessor based device called power

factor regulator. Beside, this method force applying protection for power capacitors.

Tre Load
]
I}—@—{I
Load
¢ ]
Trl
Load Load
[ ] ]
Load '
] CE
i Load
CR &—+1 1

Fig. 6 Illustration of group power factor correction

In this case, capacitor banks are connected to the bus-bars, which supply a group of loads.

* Bulk compensation this method assumes one compensating device for the whole object
( inside the transformer station or in switching station). This solution minimize total
reactive power to be installed and power factor can be maintained at the same level with
the use of automatic regulation what makes the PF close to the desired one. The drawback
is that supplying and distribution network, transformer as well as mains supplying all the
equipment is loaded by reactive current.

This type of compensation method demands capacitor banks to have wide range of power
regulation, which can be determined by 24h measurements at the place of CB installation.
This is not the best solution for large electric system, especialy when the distance
between the source and nonlinear receiversis long. The longer distance, the bigger losses
in transmission system. For this reason most commonly used method of PFC is the group

compensation, while for nonlinear loads of big power single compensation is applied. [4]

[6]
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Fig. 7 lllustration of bulk power factor correction

In the matter of fact, each method can be applied for reactive power compensation in power

grid, but each with different effectiveness. In order to put in practice particular method, it is

necessary to fulfill some conditions. The factors that decides about the choice of satisfying

methods are as follows[ 3] [4] [6]:

*  Number of receiversin agrid and how many of them needs PFC

» Demanded level of grid compensation
» Sizeand grid complexity

» Possibility of CB arrangement

« Type of equipment connected to the compensated mains and its behaviour

(inductive/capacitive)

» Higher order harmonic presence

Sometimes, depending on the factors listed above, more than one method has to be applied in

order to meet the PFC requirements [3] [4].
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5.2 Advantages and disadvantages of the methods of PFC
Once al PFC methods were discussed in previous section, one can focus on advantages
and drawbacks of each one.

Tab. 1 Advantages and disadvantages of PFC methods

PFC Method

Compensation at theplace D Maintains demanded tg

of reactive power only for one piece of
generation. equipment
D Minimizetheload at the D Switching the device off
mains stops operation of
D Small capacitor power capacitor bank
D Noregulator for control , 0 Bigamount of
multi-level CB compensating units
D Does not compensate
whole grid
D Minimized number of D poor adaptation to the
capacitor banks compared mains parameters
to single compensation D very often needs
method controlling devices (PFR)
D Particular parts of the D more expensive than bulk
mains are being compensation in terms of
compensated (closer to the the bigger number of
source) capacitor banks

D Ensureconstantg vaue
only at the terminals
D Mainsinside an object is

D The cheapest method not sufficiently
D Limited number of compensated
capacitor banks D Risk of distortionsand
resonance phenomenon
occurrence
Motor compensation D Noadditional distortions D Themost expensive
D Effective compensation method of compensation
method D Energy lossesfor
overexcitation of
synchronous and
synchronized.
D Shorter life expectancy of
el ectric motor

D Gridisnot fully
compensated
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6. Devicesfor reactive power compensation

In the most cases, PFC is used for economic reasons. Using compensating device, one can save
on eectricity bill as well as keep certain grid parameters determined by the energy provider.
Power factor correction gives even more profits, than only savings. Compensating unnecessary

reactive power the current carrying capacity of an existing network can be sufficient to sent more
active power through it, maintaining the same ratings of the apparatus within the supplying and
distribution system. PFC aso alows to decrease transmission losses and limits voltage drops.
Generally, reliability of the network gets better. But one should be aware, that compensating

device connected to the mains, can also have negative consequences like:

* Transient generation

* Higher order harmonics generation

» Longlasting voltagerise

* Gain of higher order harmonics

» Voltage drops, outages and Overvoltage of short duration
»  Other kind of distortions

All of this can be caused for few reasons, such as resonance phenomenon, mistakes in design, use
of unsuitable equipment, wrong exploitation. But despite of all negative consequences, there are
also positive ones, which will definitely improve energy quality. These are as follows:

* Limitation of reactive power

* Adjustment of avoltage at receivers (burden) terminals
» Higher order harmonic filtration

» Phase voltage symmetrisation

» Limitation of voltage swing and flickering
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Bearing above in mind, before one decides, what kind of compensating device will be used in
particular case, there is a few factors and conditions that has to be taken under consideration,

such as[4]:

* Rating of the mains, that is: voltage, frequency, and it‘s real value (measurement)
» Demand on inductive reactive power taking into account the aim of compensation
» Dynamics of load

» Presence of higher order harmonics of a current and voltage

» Short circuit parameters at the capacitor bank future location

* Ambient conditions

* Placeof installation

Compensating devices can be classified into four groups:

» Power capacitor based compensators
» Power éectronics compensators and active filters
» Hybrid compensation systems (power capacitors and power electronics based)

»  Synchronous machines

6.1 Power capacitor based compensating devices
Power factor correction method based on power capacitors is the biggest group of the
devices used in the industry and by the private users, mainly from economic reasons. On the
other hand, they may be a reason of unwanted distortions at the spot of operation. That is why
they should be carefully selected, in accordance with actual standards.

In terms of rated voltage of capacitors we can distinguish two groups of capacitor banks:

* Low voltage (Un 1000V)
* Highvoltage (Un 1000V)
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6.1.1 Low voltage capacitor banks
There are many manufacturers on the market offering devices for reactive power
compensation. The most commonly used ones are capacitor based banks. Static compensation
using single capacitor unit is utilized mostly for compensation of idle losses of electrical motors
and transformers. In order to match appropriate CB to a mains parameters, the apparent power of

harmonic source ( k) and transformer () has to be known. Then, depending on its ratio, that is

— expressed in percent, it is possible to classify capacitor banksin following way [7]:

a) Standard capacitor banks — 15%

the rating of the elements of the CB are the same as the rated voltage of supplying
network.

b) Overrated capacitor banks 15%< — 25%

The power capacitors have higher rated voltage than the rated voltage of the mains where
CB isto beinstaled. Thistype of CB are not equipped with reactors

c) Detuned capacitor banks 25%< — 60%

Thistype of CB are equipped with reactors and overrated capacitors connected in series
(acceptor circuit). They can be used in the mains, where higher order harmonics are

presen.

If the ratio of — 60% , it is demanded to use harmonic filtering together with capacitor

bank. The filters have to be tuned to particular harmonic or group of harmonics.
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The photographs below shows an example configuration of LW capacitor bank.

Fig. 8 Capacitor bank by Twelve Electric, source [8]

Fig. 9 Capacitor bank by Twelve Electric, source[8]
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6.1.2 Standard capacitor bank design
The standard capacitor bank consist of following segments [6] [9] [4]:

D Supplying element this ensures connection to the electric network

D Capacitors section consists of capacitor, switchi ng apparatus and capacitor unit protection

D Control circuit this circuit measures actua power factor and make decision whether
connect the capacitors or not

D Barrier - mainly for maintenance crew safety. Separates electrical circuit being under the

voltage as well as protects from getting foreign matter into the CB.

Electrical circuit of the capacitor bank can be divided into two groups:

D Main current circuit

D Control circuit

Main current circuit is responsible for electric energy transfer while control is responsible for
measuring and decision making. Usually, in case of detuned capacitor banks, there is a rule that
assumes one common detuning factor for each stage of the CP. In the opposite case, there is a

risk of overload.

6.1.3 Capacitor bank equipment
Switching equipment as well as short circuit protection of capacitors should be selected so
that they can easily handle the capacitor rated current. Moreover, they should be able to withstand
1.3 x rated current flowing through the capacitor. Usually, the capacity deviation of the power
capacitorscan beupto y of rated value. Therefore, current flowing through the capacitor
can reach higher value, that is |x ] JIx times the rated current of capacitor unit.
Furthermore, switching operation can cause over-currents of high frequency. For this reason all

the apparatus used in the capacitor bank has to be suitable for such conditions[3].
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The table below presents the most common low and high voltage capacitor bank
equi pment:[poradnik]

Tab. 2 Low voltage capacitor bank equipment

level

The most commonly  Contactors specialy Fuses, switch
Low used are delta designed for disconnector, fuse Reactive power
\ell=6=  connected (internally) capacitors with protection of control  factor regulator
three phase capacitors additional module for circuit
switching surge
limitation
One phase withoneor  Vacuum contactor or HV fuses
two insulators SFe Reactive power
High Relays and overcurrent regulator
\elzh[sf  Three phase, usually Disconnector i.e or overvoltage release
star connected vacuum one cooperating with Electromagnetic
(internally), disconnectors lock
sometimes delta Switches
connected

Summing up, the capacitor bank unit design should be safe for maintenance crew, apparatus
rating should consider all the overvoltages and overcurrents that may occur during switching
operations. The elements arrangement inside an enclosure should be well thought. All the

equipment have to be easily available for replacement in case of failure.
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6.1.4 Capacitor bank protection
Proper operation of capacitor bank is very important issue. One needs to bear in mind, that
capacitor bank switching can cause many unwanted phenomena. According to the standards, the

capacitor bank can be disconnected when [6] [9] [3]:

D Increased voltage across capacitor bank terminals. In some cases, increased voltage is
permissible as far asit does not exceed 110% of rated voltage

D Current vaueis greater than 130% of rated current of capacitor bank

D phase currents asymmetry no more than 5% for star and 10% for delta connection, referring
to the phase current in the phase that is the most loaded

D ambient temperature is higher than the one determined in the technical documentation

D capacitor deformation

D sparking on capacitors' terminals and other issues that may cause the problems during

operation

Types of protection

In the capacitor banks, there are plenty of distortions that may occur such as voltage rise, short
circuits, interior capacitor failure, rise of temperature, and others. In order to protect the
capacitors, there is a need to apply additional protection. In the below section of this work, the
typical distortion are described as well as the method to protect from them [6] [9] [3].

a) Increase of supplying voltage may cause rise of reactive power produced by a capacitor
according to the formula
T~ 1J xt

In result, there is arisk of the temperature rise of the unit. In order to protect against this type of
distortion, overvoltage relay ( for voltage control) and overcurrent protection ( for phase current
control) might be used.
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b) Phase to phase fault can cause exterior fault. The protection is easily feasible through

instantaneous overcurrent protection. The protection setting should be as follows:
In6! XW
With operation time below 0.3 seconds

c) Damages within capacitor bank can be caused by the faults within the unit. Usually, star
delta overvoltage relay is used to prevent a failure, supplied by open-delta voltage
transformers. The second solution is overcurrent star star relay connected to neutral

points of star connection of both units

d) Temperature rise can bring the same effect as described in the point a. In order to
prevent this type of failure two level temperature sensors are being used. The sensor has

to send information that is able to do both, signalize overheating and disconnect the unit.

e) Distortions in form of failure or overload which can be cleared by delayed and

instantaneous fuse link.

6.1.5 Connection of a capacitor bank to the electric grid.
Usually, capacitor banks are connected to the three phase electric networks. Power factor
regulators, depending on the design, can be supplied by 230V or other voltage. However, most of
them needs 230V of the supplying voltage. In order to achieve that, one can use a 400 / 230V
transformer. Power factor regulator needs to be connected to the one phase by the current
transformer using small cross section wire, such as i.e. YDY 2 x 2,5mm® The current
transformer secondary site rated value is to be 5A. The primary site rated current depends on the
mains the capacitor bank is going to operate with. Assuming three phase mains, with phase
marking L1, L2 L3, and current transformer on the phase L1, the two other phases have to be also
connected to the power factor regulator as the voltage measurement circuit. One needs to bear in
mind, that phase that is being used by the CT cannot be connected to the mentioned measurement

circuit!
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Each stage of capacitor bank is connected to the supply through the main current circuit. The
current circuit is made of cooper bus bars which cross section is carefully selected taking into
account total reactive power of the capacitor bank as well as the supplying voltage. Summing up,
the cross section of the bus bars within the CB are dependent on the total reactive current flowing
through the main current circuit. Furthermore, each section of the CB is equipped with short

circuit protection and contactor.

It is important, to ground all the elements, that might be touched by the human. For the personnel
safety, there should be an additional master switch, which alows to disconnect the capacitor bank
from the main supply for maintenance without switching it off in the supplying switchgear. The
drawing below depicts the principle of capacitor bank connection to the three phase electric
network through the current transformer. Numenclature for the picture

Trl supplying transformer, CT current transform er, MS master switch, PFR power factor
regulator, F fuse, C capacitor, Cont - contacto r
Trl

o0ad

D

e o [

MS

| EN—|
l

Cont ‘

PFR .

~ CAPACITOR BANK

Fig. 10 Capacitor bank to network connection sch eme
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6.1.6 Classification of capacitor based compensation equipment
Supplying voltage [4]
0 Low Voltage: upto 1kV
0 Medium Voltage: up to 30kV
o0 HighVoltage: above 110 kV
0 The highest voltage: above 110kV
Frequency
o freguency of supplying network (50Hz or 60Hz)
o0 higher than network frequency (i.e. induction furnaces)
Phase Number
0 monophase
0 multiphase
Control Method
o Manua
0 switching by hand
0 automaticaly switched
0 auto - controlled
Protection against higher Order Harmonics
0 without reactors
0 detuned filters
0 passivefiltersof higher order harmonics
Environmental conditions
0 Overhead
o Interna
o Externa

Special environmental conditions

(@)

very high/low temperature, high humidity
0 mains
0 dust
0

chemicals
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6.1.7 High voltage capacitor banks
In the mains, where the rated voltage is higher than 1kV, the connection scheme of the capacitor
units depends upon their rated voltage as well as atransformer neutral point to ground connection
scheme. Three phase units are being used for fixed compensation. These capacitors have not got
any leads of neutral point athough the windings are interlay WY E connected. In order to make it
possible to achieve an external connection to the neutral point, single phase capacitors are being
used by connecting them in WY E scheme. The important feature is that the capacitor banks and
filters accuracy depends on their parameters constancy during normal operation. The parameters
that can be changed is i.e. the capacitor bank capacity. It might be caused by the local
breakdowns that will trip and disconnects affected windings of the capacitor. In order to monitor
the capacitor bank parameters ( detection of capacitance change caused by internal faults) each
compensating or filtrating stage is divided into two equal sections (two star YY) . Then, the
equalizing current between neutral points of the two sections can be controlled. High voltage
capacitors with one insulator are used in mains with isolated neutral point. They aso should be

well-isolated from the ground by putting the capacitors on the isolators [10].

Fig. 11 Static capacitor bank 9,09kV and 200kVar rated power by Zez Silko, source[10]
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Fig. 12 Enclosed capacitor bank source [10]

The capacitor units has two terminals isolated from its body can be also delta connected, but
this solution is not being used very often. Star connected capacitors operates at the phase voltage,
which is X times lower than in case of delta connection. In terms of the limited voltage range of
high voltage capacitors they are often series connected in the mains with the highest voltage.
High voltage capacitors bank are manufactured as enclosed and overhead ones. Generally, they
are being design for the particular industrial plant, power station, etc. and specially prepared
depending on the place of installation.

6.2 Synchronouselectric motors

Next group of the devices, that might be used for reactive power compensation are synchronous

electric motors. They are good aternative for compensation because [3]:
- synchronous motor can produce the capacitive or inductive reactive power continuously
- small cost, including only the costs of the control equipment

For compensation of reactive power are installed motors can be used. However, the best results

can be obtained by the means of: [3]

D Motors operating with no constant load, especially when they are underloaded for a long
period of time
Motors with rated power much greater than the active power load i.e. overmotoring on

purpose in terms of the destination as reactive power compensators
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There are few factors that may decide whether the compensation will be effective or now, namely

[3]:

D Dynamic and static compensation capability of the motor
D Themethod of motor selection and precision with designing of excitation circuit

D Structure and algorithm of the reactive power regulation of one motor or groups of motors

The calculations of synchronous motor parameters for reactive power compensation is relatively

difficult, and needs alot of calculation as well as experienced designers.

This type of compensation is considered as the most expensive one. Moreover, the eectrical
motors cannot improve the energy quality at the place of compensation, even if they do not
generate distortions to the supplying network. That is why, looking for the economical way for

the power factor correction, the most common solution isto use the capacitor banks.

6.3 Activefilters

Active filters are very good dternative for power quality improvement and power factor
correction. They are not being used to often, because of they price. Filters are devices that
accomplish various objectives [11] [12]:

D to eliminate harmonics
D toreduce high frequency signal

D reactive power compensation in networks polluted with harmonics avoiding resonance

Furthermore, depending on the type of device used, the currents in an unbaanced, and the
neutral line conductors can be discharged.. There are many of benefits from using the filters,

among other things, filter reduces technical and hidden economical costs of an installation .
The technical cost reduction or technical optimization of the installation is achieved by:

D increase capability of the distribution lines
D Dischargestransformers

D Reduceslosses and heating in lines and electrical machinery

39



Wroclaw University of Technology | 40
Reactive Power Compensation

When a filter is installed, the true RMS current v alue is reduced, what gives the higher
capability of transformer, and reduces the harmoni c overload factor, so that, reduces the

apparent power throughout the installation.

The mentioned hidden cost reduction can be thought as improving productivity by reducing
stoppages and breakdowns. Moreover, it assures that there is no installation extension, because its

capacity is sufficient.

6.3.1 Activefull-flow filters
This type of filtration increases the equivalent impedance of the source for particular harmonics.
This type of filter is able to correct both, current harmonics absorbed by the load as well as the
distorted voltage present in the system. The impedance of an active full-flow filter is adjusted be
means of special power electronic device. If the voltage of the supplying source generates higher

order harmonics, they can be eliminated by the filter connected as depicted in the figure below

Non linear

Source Filter
load

Fig. 13 Bloc diagram of active filter connection

The active filter produces voltage being opposite in phase referring to the unwanted
harmonic component. The filters improve the efficiency of the parallel filter connected across the

non-linear load' s terminals[12].
The impedance of active filter should be:

D Closeto zero for fundamental harmonic component
D Very high for the harmonic being filtered by the passive paralle filter. It will cause the

current to flow through the filter eliminating it from the network [12].
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6.3.2 Hybrid filters:
This type of solution is obtained by connecting the active and passive filters. The can be
connected either in series or paralel. In such a structure, the passive filter is filtering out the

harmonics of i.e. 5™ order while the active filter is dealing with the harmonics of other orders.
Connection of thefiltersto the network:
Active filters may beinstalled in various places of distribution system

D Centraly , at the main switchgear of particular system, in order to correct harmonics of
current in the whol e network

D Closeto theloads generating harmonics, in order to provide local harmonic filtration

7. LC Passivefiltersand resonance phenomenon.

7.1 Resonance phenomenon
Resonance in electrical circuit containing inductive and capacitive elements can be thought as the
phase difference of voltage and current at the input of the circuit is equal zero for resonance
frequency . One can distinguish two types of resonance: voltage resonance (series resonance)

and current resonance (parallel resonance) [2]

7.1.1 Seriesresonance

The resonance phenomenon is present, if they are capacitive and inductive e ements in the circuit
connected in series.

Fig. 14 Schematic diagram of series resonance circuit, source: [2]
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The basic formulas for the series resonance are as follows:

D Resonance pulsation: 2

D Waveimpedance: -8

D Quadlity factor: % -

D Attenuation: = - -

In the circuit illustrated above, the pulsation , ¢ a which the voltage across the coil ismaximal, is
greater than the resonance pulsation , 7. Furthermore, pulsation , 4at the maximum voltage at
capacitor terminalsis, in turn, smaller than , ;. The deviation of , 4, and , ¢ with respectto ,

depends on quality factor, what illustrates the figure below [2]:

Fig. 15 Dependenceof , 4 and , ¢ on quality factor Q, source: [2]

If theQisinrange of 5 8, then the deviation ¢ an be neglected. The maximal current of the
series resonance circuit occurs at the pulsation , > and depends only on resistance value.
This type of resonance is dangerous for the network with voltage source. Currents source has a

biginternal resistance ( Q=0) so thereis no uncontrolled rise of current [2].
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7.1.2 Parallel resonance
Current resonance phenomenon occurs in the circuit where there is a branch of capacitive and

inductive elements connected in parallel.

Fig. 16 Schematic diagram of paralle resonance circuit, source: [2]

For the circuit depicted above, the resonance pulsation ,; is different then theresonance

pulsation of lossless circuit, which is equal , - If y and y, then the pulsation
can be expressed as:
6 5—7
2z .z — ly
6 5—7
, Where -8. In this case, the quality factor Q is defined as the ratio of reactance current at

the branch at resonance frequency , > to the input current. Therefore, the Q can be given by the

following formula:

% 1
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Usualy, in practice, the y. Then, according to the formulas below, pulsation , ¢( a which
the current flowing throughout the inductance reaches maximum value), pulsation , 4( a which
the current flowing throughout the capacitance reaches maximum value) and pulsation , g ( at

which the voltage across circuit terminalsis maximal), and , ; are different then the , ;
The basic formulas for the parallel resonance are as follows:

D Resonance pulsation: »7 =

&4
D Waveimpedance: -8
D Quality factor: % k5—7 6
D Attenuation: = -

D Therea resonance pulsation , » ,7K 65—7 . 7K 00
. N N N | N . . :
The graph illustrates the change of N and N N in the function or quality factor Q.

At the quality factor in range for Q> 6 8 deviati on of the , ¢, ,4, »92, -7z fromthe , zarevery
small, and can be neglected. That is one can assume, that maximum values of the current and the

voltage across the resonance circuit terminals occurs at the resonance pulsation , 7

Fig. 17 18 Dependenceof , 4 and , ¢ on quality factor Q, source
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The currents flowing through the circuit as well as the voltage across the terminal are big only,
when the circuit is supplied from the voltage source. Thistype of source is present in the network

at the currents produced by the nonlinear loads.

7.2 Passivefilters. Harmonic filtering and reactive power compensation
Most of the capacitors banks is equipped with detuning reactors, because of the harmonics
present in the supplying network. Because impedance of the capacitors is inversely proportiona
to the change of frequency, it can be relatively small for the higher order harmonics. That is why
there is a need to apply so called detuned reactors. It means, that there is a reactor connected in
the series with the capacitor for reactive power compensation. Such a LC series branch for the
basic frequency of the supplying network behaves like a capacitor, while for higher order
harmonics its impedance is much higher, so that there is no possibility for the big current to flow,
which may cause the malfunctions of the capacitor bank elements. The harmonic eimination and
reactive power compensation very often comes together. The resonance frequency of the circuit

is set for the non harmonic frequency. Otherwise, the compensator could be overloaded. [12]

The reactors parameters are given in percent of the nominal power of the capacitor at 50 or 60Hz
(for America). For example, detuning factor of 5% means, that 1/20 of the voltage (at 50Hz) is
dedicated for the induction, while 21/21 for the capacitor. If one takes minusit will achieve 100%
of voltage. The situation will be the other way around i.e. when f=1050Hz (then voltage at the
reactor will be 21/20, while at the capacitor 1/20)

The resonance frequency can be calculated from the formula:

u—v yy !

L C circuit is connected to the network in parallel. It can conduct aso the harmonics flowing from
the other sources then the ones the filter was designed for. If there are no other filters, they might
be a need to overrate the filter which will let avoid overload as well as improve the filtering
effectiveness. The passive filters are being designed for the particular harmonic. It is detuned for

the resonance frequencies i.e. 150 [Hz], (then the reactor reactance is 5%) or 250Hz (then the
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reactance of the reactor is 4%). Such a filter can handle the 3 and 5™ harmonic with any

amplitude even at the overload. That iswhy thisfilter should have safety margin [12].

For each frequency, there is few pairs of LC circuits with the same resonance frequency. The
capacitance says, how much of the reactive power can be compensated. Then the only parameter
to be determined is the inductance, which will, in turns, determines the behavior of the LC circuit

for the harmonic frequency. [12]

8. The eementsof standard capacitor bank

8.1 Power capacitors

Power capacitors have been used for over one hundred years, since the first alternating
current three phase electric grids appeared. From the electrical point of view, they have the same
destination and application, the only thing that have changed are the technology of manufacturing
and as a result, the efficiency. They are also more ecologica than before. Development of
technology aspires to minimize the capacitor‘s dimensions, active power loses as well as to reach
the more power of single unit. Moreover, the manufacturers want to extend the life expectancy of
power capacitor to maximum, in order to prevent they replacement. For comparison, the
capacitor unit in 70s with the rated power of 20kVar and rated voltage 380\V was 485 high and
350mm wide, and a weight of 26kg, whereas the state of the art capacitor with the same rating
weights about 2.5kg. The low voltage capacitor consist of capacitive elements placed within an
enclosure. The leads are brought out and connected to the terminals that are insulated from the

housing as well as from each other. [13]

8.1.1 Low voltage MKV capacitors
The capacitors used to be made of few layers of special type of paper impregnated in
synthetic or minera oil, and thin auminum film as a capacitor plates. Nowadays, a little bit
different technologies of capacitors manufacturing are being used. [13]

Design
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The winding element of the MKV capacitor consists of a dielectric of polypropylene film and an
electrode of double-sided metalized paper. This winding construction achieves low losses and a

high pulse-current withstand capability. Oil is used for impregnation of the capacitor. [14]

Contacting

The end faces of the windings are contacted by met al spraying to ensure a reliable and
low inductance connection between the leads and layers. The leads are welded or soldered to
these end faces, brought out through insulating elements (ceramic or plastic) and soldered to the
terminals. [14]

I mpregnation

All hollows between the windings and between the w indings and the case are filled with
an impregnating agent. Besides increasing dielectric strength, thisimproves heat dissipation
from inside a capacitor. The impregnating agents that we use are free of PCB and halogens. They
consist of mineral ail, or pure synthetic hydrocarbons that partly contain small quantities of
conventional additives (stabilizers) [14]

Self - healing

All MKV capacitors are self-healing, i. e. voltage breakdowns hea in a matter of microseconds
and hence do not produce a short circuit. Breakdowns can occur under heavy electrical load as a
result of weaknesses or pores in the dielectric. The integrity of self-healing capacitors is not
affected by such breakdowns. When a breakdown occurs, the dielectric in a breakdown channel is
broken down into its atomic components by the electric arc that forms between the electrodes. At
the high temperatures of as much as 6000 K, a plasma s created that explodes out of the channel
region and pushes the dielectric layers apart. The actua self-healing process starts with the
continuation of the electric arc in the propagating plasma. Here the metal layers are removed
from the metal edges by evaporation. Insulation areas are formed. The rapid expansion of the
plasma beyond the areas of insulation and its cooling in the areas of less field strength allow the
discharge to extinguish after a few microseconds. The area of insulation that is created is highly

resistive and voltage-proof for all operating requirements of the capacitor. The self-healing
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breakdown is limited in current and so it does not represent a short circuit. The self-healing
process is so brief and low in energy that the capacitor also remains fully functional during the

breakdown [1]14]

Fig. 19 Capacitor self-healing mechanism

Capacitance

Since capacitors in MKV technology operates mostly in enclosed capacitor banks, their
temperature dependence has to be taken into account during designing. Usuadly, rated
capacitance is referred to atest temperature of 20 C and a measuring frequency range of 50Hz to
120Hz . Capacitors of MKV type has to have determi ned the capacitance tolerance range
within which the actual capacitance may differ from rated capacitance. The actual capacitance is
to be measured at temperature of 20C. The capac itance variation in the permissible
temperature range is not linear, but is reversible. The figure below dhows the characteristic

change in capacitance C/C as afunction of test temperature. [14] [13]



Wroclaw University of Technology
Reactive Power Compensation

T mt Fig. 20 Relative capacitance change C/C versustest temperature Ttest

Capacitance is subject to irreversible in addition to reversible changes, i. e. capacitance
drift, the sum of all time dependent, irreversible changes of capacitance during service life. This
variation is stated in percent of the value at delivery. Thetypical figureis+1/ 3%. [14]

Enclosure

There are two shapes of enclosure of low voltage capacitors:

D Cubicd
D Tubular

Fig. 21 Shapes of power capacitors[8]
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Up to the early 80's there was amost only capacitors units in steel tubular enclosures. Although
the state of the art capacitors differs from th e old ones, the cubical shape is still being used
because it s easier to installation, takes not that much space as the tubular ones as well as the old

units can be replaced with new ones of the same shape. [13]

Configuration

The capacitor units in cubical enclosures may be a three or one phase capacitors. In practice, the
cubical units can have rated power of one capacitor up to 100kVar. However, the tubular

capacitors has to be classified as follows [13] [14]:

D low voltage power capacitors, with the rated power up to 4,17kVar. These type of units might
be used for designing a capacitor of greater rated power. Then, the proper number of
capacitorsis closed in cubical enclosure. This type of solution is very convenient in terms of
the maintenance and money saving. Let us consider a situation, were there is a unit
consisting of n capacitors of small power. Probab ility, that al the capacitors will broke
down at the sametimeis very small. Therefore, even if one of the capacitor closed in the unit
will broken down, the rest of them can operate as before.

D Low power one phase capacitors, up to 50kVar for special applications

D High power capacitors units, very often used for the reactive power compensation
Rated voltage and frequency

Low voltage power capacitors are manufactured for the phase to - phase voltage in the
range of 230 up to 1000V. The most frequently used voltages of the capacitors are: 230, 400, 450,
500, 525, 550, 660, 690V . These capacitors rated frequency is either 50Hz or 60Hz ( for the north
and south America). They can be WYE or delta connected. Capacitor with the rated voltage
above 660V are delta connected [13].
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Discharging time

In compliance with standard IEC 60831 on Shunt p ower capacitors of the self-healing
type for a.c. systems having a rated voltage up to and including 1000 V the maximum time need
to discharge capacitor up to the voltage of 75V is three minutes. However, in Poland it is
assumed that capacitors has to be discharged up to 50V in no longer than one minute. These is
obtained by the resistors installed at the terminals of the capacitor. Most of the capacitors have
the discharging module mounted within the enclosure. [13]. The value of discharging resistor can
be determined by the following formula

where,

t discharging timein seconds

R discharging resistance in mega ohms

C therated capacitance per phasein  F
Un nomina voltage of the unitin Volts
Ur maximum residual voltagein Volts

k constant
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I mpregnation

Some time ago the impregnate in the capacitors was in the form of oil consisting PCB ( biphenyl
chloride) . After this type of material was forbidden, manufactures started replacing them with
either vegetable or mineral oil. In the 90°'s they came up with filling the capacitor up with a gel,
epoxy resin or gas ( nitrogen). Thanks of this fluids and gases, it was possible to decrease active
power losses, achieve better cooling properties and longer life expectancy of the capacitors with
filled with the ail. The table below shows the comparison of the parameters that determine the

life expectancy of capacitors. This data is taken from the three different manufacturers offering

various types of capacitors production technologies [14] [13].

Tab.3 Power Capacitors parameters comparison

I mpr egnation
Parameter Dry Gas Qil
Life expectancy (h) 100 000 100 130000 150 175 000
Permissible inrush
current 100 100 200 300
Maximum temperature +55C +55C +70C

of enclosure
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Overpressure protection

In the event of overvoltage or thermal overloadageing at the end of the capacitor's
useful service life, an increasing number of selling breakdowns may cause rising pressure
inside the capacitor. To prevent it from burstitige capacitor is fi tted with an obligatory
cebreak action mechanism (BAM). This safety mecharisimased on an attenuated spot at one,
two, or all of the connecting wires inside the aajma. With rising pressure the case begins to
expand, mainly by opening the folded crimp and pugtthe lid upwards. As a result, the
prepared connecting wires are separated at theuatted spot, and the current path is interrupted
irreversibly. It has to be noted that this safgtgtem can act properly only within the permitted
limits of loads and overloads. [14]

Fig. 22 lllustration of overpressure protectiorpofver capacitor



