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Capacitors for Power Factor Correction
and Filtering

PhaseCap™ power capacitors of the MKK series are designed for AC applications in the range of
23010 1000 V. In addition to power factor correction, PhaseCap™ capacitors are becoming increas-
ingly popular in filter circuits to improve energy quality. The compact design, extremely high stability
of capacitance, highest pulse current withstand capability of more than 300 times rated current,
ease of installation and service life of more than 100 000 h are indispensable advantages in appli-
cations like reactive-power compensation equipment, wind farms, high-power converters and unin-
terruptible power supplies.

1 Product advantages

Compact design for low height, low weight and small dimensions

The PhaseCap™ MKK capacitor in compact design is a metallized polypropylene film capacitor with
self-healing properties. The current carrying metal layer of an MKK capacitor is vapor-deposited
onto one side of the polypropylene film.

Three electrically separated partial capacitors are wound concentrically in a single operation on an
insulated metal core tube, which guarantees excellent winding precision. The electrodes are con-
nected by metal spraying (schooping) at the front surface of the winding element. The partial
capacitors can be connected in star, delta or series circuits. The compact MKK winding element is
housed in a cylindrical aluminum case with a metal lid, press-rolled onto it.

Extended service life of more than 100000 h

After an extended drying period impregnation (filling the capacitor case with protection gas) is
carried out under high vacuum to reduce moisture at the active element. Finally, the case is her-
metically sealed and the gas proofness is inspected in routine tests using a special leakage tester.

This design avoids oxidation as well as partial discharges, and ensures therefore capacitance sta-
bility over an extended period of time, which is essential especially in filter circuit applications.

You can find out all about PhaseCap™ MKK series from your local Siemens sales office for passive
components or direct from

Siemens Matsushita Components GmbH & Co. KG
KO PML

Postfach 80 17 09

D-81617 Miinchen

[]+49 89 636-2 38 17

Fax: +49 89 636-2 27 48

E-Mail: rudolf.mueller@pl12.mchl.siemens.de

For information on our entire product range look in on internet
under http://www.siemens.de/pr/inf/20/55/d0000000.htm
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Highest inrush current withstand capability is crucial

Capacitors used in power factor correction systems are frequently switched. The related inrush cur-
rents must be handled without affecting the service life. The pulse handling capability of this tech-
nology depends mainly on the contact zone area. Enlargement of the sensible contact zone is of
major importance. The S+M patent, the “wave cut”, has brought the breakthrough in this critical
matter. Inrush currents of 300 times rated current and above can be easy handled.

Highest inrush current withstand capability is crucial in the following applications:

e Parallel switching of capacitors
e Non-detuned capacitors
e Capacitor banks using “standard contactors”

Customer-oriented output range

e 25 kvar units over all voltage ranges (above 230 V) available
e Outputs adapted for detuned capacitor banks

The MKK capacitor offers a triple safety system

e Dry-type design. Due to the fact that the assembly is free of liquid impregnating agents, such as
oil or PCB, the risk of fire caused by spurting or leaking oil is eliminated. In ecologically sensitive
applications as well as for insurance aspects the dry-type design is a must.

e Self-healing technology.

e The overpressure tear-off fuse prevents the capacitor from bursting at the end of service life, or
due to inadmissible electrical or thermal overloads.

Innovative and reliable connection technology: SIGUT ~ ©

The SIGUT terminal ensures a reliable and easy connection also for parallel connection of a num-
ber of capacitor units.

Major customer benefits are:

Parallel connection of connection cable

Protection against electric shock hazard (IP20, according VDE 0106 part 100)
Separate connection of discharge resistors increases reliability

Clamping principle prevents loosening of the screws

Cable cross sections up to 16 mm?

Easy mounting and grounding

e Any mounting position of the capacitor is possible. The mounting position is chosen to obtain op-
timum cost effectiveness and ease of engineering for the intended application.
e A threaded stud (M12) at the bottom of the case serves for both grounding and mounting.
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and Filtering
2 Applications
2.1 Power factor correction

Inductive devices like motors or transformers load generators, supply lines and electrical distribu-
tion systems with reactive current as well as active current. PhaseCap™ MKK capacitors, specially
developed for power factor correction and use in filters, are able to prevent most of this reactive cur-
rent from reaching power generation/transmission plant.

o—|PFC controller

Contactor Figure 1

Standard power factor
correction

Capacitor
|

KLK1652-4

Benefits of power factor correction:

e Amortization in 8 to 24 months
Power factor correction equipment reduces the amount of reactive power in an installation.
As a result electricity bills drop in proportion. Generally investment in PFC equipment pays off
within 8 to 24 months of installing it.

o Effective utilization of electrical power
An improved power factor means higher active power for the same apparent power. This makes
an electrical system more economical.

e Reduction of losses
Cables carry less reactive current when the power factor is improved. This reduces the conduc-
tion losses in a cable.

e Optimum dimensioning of cables
The required cable size reduces with the improvement of power factor. In an existing application
the same cable can be used to serve an additional load.

e Reduction of transmission losses
Since the transmission and switchgear equipment carry reduced current, only the active current,
electrical losses will be reduced.

e Improvement of power quality
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2.2 Harmonics filter in power electronics

Power converter current is actually a current mix, with a fundamental component of line frequency
and a number of harmonics whose frequencies are integral multiples of line frequency. The harmon-
ic currents are impressed on the three-phase line. This results in harmonic voltages on the network
impedances that are superimposed on the fundamental and cause distortion of the line voltage.
This can lead to disturbance in the network and to outage of other loads.

PhaseCap™ MKK capacitors, used in harmonics filters, reduce the harmonics and improve energy
quality.
Frequency converter

U, %

EMC | | | Uge
filter

Line

EMC
output ~3
_ | filter

KLK1653-C

TS

R O I ——

@/! N ﬁ@ ®

== == PhaseCap C_ommutating choke

Filter choke

Harmonics filter, e.g. for 250, 350

and 550 Hz

Aluminum electrolytic for DC link circuit

Figure 2
Filter for reduction of harmonic currents

® @WEO

2.3 Damping of harmonics in power electronics

PWM converters generate harmonics in the range of 3 to 12 kHz. This has a negative effect on en-
ergy quality. Harmonic currents cause considerable disturbance in other loads. PhaseCap™ capac-
itors are used in filters to keep disturbing harmonic currents away from supply networks.

PWM converter

AANNAN
/L Phase Cap N
L X N
Line I E L ¢ toad
- -
AANNAN
LCL filter KLK1654-K
Figure 3

Damping of harmonic currents
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3 General technical information and formulas for power factor correction

3.1 Definitions

Active power

The amount of input power converted into output power is termed active power and generally rep-
resented by P.

Active power is defined by the following formula:
P = UO os¢d [w]

The formula P = /30U O Ckos¢ applies to three-phase systems.

Ideally the entire input, i.e. apparent power, should be converted into useful output, i.e. active
power, e.g. the motor output on a shaft. In such a case cos ¢ is unity and the system is said to work
at unity power factor.

Reactive power

Electric machines work by converting electromagnetic energy (e.g. electric motors, transformers).
Part of the input energy is used to create and maintain the magnetic field. This part of the input en-
ergy cannot be converted into active energy and is returned to the electrical network upon removal
of the magnetic field. This power is therefore called reactive power Q and defined as follows:

Q = UOLing [var]

The formula Q = /3 U O [king applies to three-phase systems.

Apparent power

Applications of electric equipment are based on conversion of electrical energy into some other
form of energy. The electrical power drawn by the equipment from the source is termed apparent
power and consists of active and reactive power. It is defined as follows:

Ss=uQg [VA]

The formula S = /30U O applies to three-phase systems.

Power factor

Electrically, the power factor of a circuit is defined as the cosine of the phase angle between the
fundamental of the voltage and current waveforms.
Power factor is also defined as the ratio of active power to apparent power:
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3.2 Inductive circuits

Most industrial loads are inductive in nature, e.g. motors and transformers. Due to the inductive re-
actance of the load, the current drawn by the load lags behind the voltage waveform electrically by
an angle ¢. The magnitude of ¢ is proportional to the inductive reactance. Since the current lags
behind the voltage, inductive loads are said to have a lagging power factor.

[} Power
=
g
=
~, *
Ry v ‘~~ ./
\. \~-,A—"
Voltage™+—-~" Figure 4
Time —» Lagging power factor condition
KLK1655-T

3.3 How do capacitors correct power factor?

Capacitors are characterized by leading kvar in the phasor diagram or power triangle. This is oppo-
site to the inductive kvar (refer to the following diagram).

Reactive power (kvar)

0=/s%-p?
Q> Qy
2 &N
Active power ’ Apparent power
P=ys’-0° M S=VP?+0’
kw) 51 [kva] Figure 5
Phasor diagram for power factor
KLK1656-2 correction
cosd =P/S
sing =QI/S
Q =Ssind
Q =Ptan¢
¢ = phase displacement angle
S = uncompensated apparent power
S, = compensated power with capacitors for compensation
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The angle ¢ is the phase angle between the voltage and current waveforms. The reactive power is
defined by

Q= A/SZ—P2 [var]

A capacitor of Q kvar will compensate for the inductive kvar and produce cos ¢ = 1.

It is not common practice to produce cos ¢ = 1 with capacitors because this may result in overcom-
pensation due to load changes and the response time of the controller. Generally public utilities
specify a value (cos ¢,) to which the existing power factor (cos ¢,) should be corrected.

The reactive power to be compensated is determined as follows.

Qn = P{tand, —tand,) [var]

3.4 Connection and rating of capacitors
A general expression for the kvar rating of a capacitor (single-phase connection) is:

On = UyOy [var]
Uy

On = Uy DX_N

Xy = 1 1

WCy 2niF, [Cy

Qn = UZwlCy = UZ iy [Cy

3.4.1 Capacitor in single-phase PFC application

The capacitor is connected across the phase and neutral and is subjected to the phase voltage. The
above equation, without any change, is applicable to such capacitors.

3.4.2  Capacitor in three-phase PFC application

Star connection Uy
The partial capacitor is subjected to a voltage of ﬁ
Thus total kvar compensation of all three partial capacitors:

N 2
Oy =3 EE%EZ [ OCs7ar = Uy [w DCs7pR

_ On - On

cSTAR - 2 - 2

CSTAR
A-—o Figure 6

o Star connection
KLK1657-A

304 Siemens Matsushita Components



Capacitors for Power Factor Correction
and Filtering

Delta connection
The capacitor is subjected to line voltage Uy, phase to phase.
Thus total kvar compensation:

2
On = 3UN I Che 14

o . Q
3L 30U, @n,

cDELTA -

Figure 7
Delta connection

<
/
CheLTa N >/<\<\/§ lUN

KLK1658-1

From the above equations it follows that for the desired Q kvar:

c _ Cstar
DELTA = T3

Thus for the same amount of kvar compensation a star connection requires the triple capacitance
of a delta connection. On the other hand, for the same nominal voltage Uy in delta connection a
/3 thicker dielectric film is required to get similar values of electric field strength.

3.4.3 Calculation of capacitor ratings using standard tables

Capacitors can be rated by multiplying the active power P given on the rating plate of the motor by
the value in the table below.

To find the right value, choose your existing power factor (here 0,7), then move horizontally to the
column of the desired power factor (here 0,9). The value you find there is the one to multiply by the
active power of the motor (0,54).

Thus, for the last example:
Qn = PD,54

Capacitor output in case of operating voltage and/or frequency different to nominal ratings

_ Pnewr? fnew
Ouew = 5,0 Ty
Note:
1) Unew<Uy
2) fnew: 50 or 60 Hz; in case of higher frequencies, losses have to be taken into consideration,

thermal data sheet can be used.
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Existing power Desired power factor cos ¢,

factor (cos ¢4)

1,0 098 |09 |094 (092 |09 |085 |0,80 |0, 75 |0,70

0,40 229 |2,09 |200 (193 |1,86 (1,81 |[1,67 |154 |1,41 |[1,27
0,45 199 |1,79 |13,70 |163 |156 |1,51 (1,37 |1,24 |1,11 |0,97
0,50 1,73 |153 |1,44 |1,37 (130 (1,25 |1,11 |098 |0,85 |0,71
0,55 152 (132 |1,23 |1,16 (1,09 |104 |090 |0,77 |0,64 |0,50
0,60 1,33 |1,13 |1,04 |097 (090 |085 |0,71 |058 |045 |031
0,65 1,17 |097 |088 |081 (0,74 |069 |055 |042 |0,29 |0,15
0,70 102 |082 |0,73 |066 |059 |054 |040 |027 |0,14 |-
0,75 0,88 (068 |059 |052 |045 |040 |026 |0,13 |- -
0,80 0,75 |055 |046 (039 |0,32 |0,27 |0,13 |- - -
0,85 062 |042 |033 (026 |0,19 |014 |- - - -
0,90 048 (0,28 |0,19 |012 |0,05 |- - - - -

3.4.4  General rules for rating capacitors

In a plant that is still in the design phase an average power factor of cos ¢1 = 0,7 can be assumed
for the reactive power loads. To compensate to cos ¢ = 0,9, the value 0,54 for (tan ¢,—tan ¢,) can
be taken from the table above. In this case a capacitor rating of about 50 % of the active power rat-
ing would be selected.

Qy = PD5

With existing operating plant the necessary values can be taken by measurements.

To determine the correct capacitor rating, accurate values of the connected power and operating
times should be known.

This calculation is only valid where the load conditions are more or less constant. Under extreme
load variations, e.g. heavy motor loads (inductive) during production hours and only heating and
lighting during the night, the average values used to determine capacitor ratings would not be suf-
ficient for peak inductive loads. In such cases it is recommended to take meter readings during a
one-day period, for example, to obtain exact instantaneous values of current, voltage and cos ¢.

4 Thermal design of capacitors for power factor correction

Capacitors of the PhaseCap series can handle a certain amount of harmonic current in addition to
the nominal 50 Hz current. How large the extra currents may be depends on various parameters
like the frequency of the current, the type of capacitor and ambient temperature. The maximum per-
missible currents can be determined with the aid of thermal data sheets.
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The total power dissipation P is composed of the dielectric losses Pp and the resistive losses Pg:
P = Pp+Pg
P, = U? 2 Onl¥, [C [tan &,

U rms value of AC voltage applied to capacitor (between two phases)
fo fundamental frequency
o total capacitance

(for delta connection 3 x Cy, for star connection Cy)
tan &y dielectric dissipation factor (2 - 10~%)

For the dielectric losses it is normally sufficient to consider the frequency and voltage of the funda-
mental for a nonlinear load.

Pr = I° [Rg
1 rms value of capacitor current (for one phase)
Rg total series resistance of capacitor at maximum hot-spot temperature

(refer to thermal data sheet)

For a nonlinear load the rms currents of the harmonics must be added to the rms current of the fun-
damental according to the following formula:

2 2

1= JI2+ 12+ .+,

lo rms current of fundamental
I rms current of 1st harmonic
oy rms current of nth harmonic

Calculation example

for MKK-440-D-18,8-01 (B25667-A4307-A365, refer to data sheet, page 328)
use in 400 V/50 Hz supply network with 5,67 % choke filtering

Electrical operating point:

Cn =3x103,1 uF

Un =AC 440V

U =AC 424V (voltage applied to capacitor, due to chokes)

fy =50 Hz

N =25A

Is =135A (harmonic currents caused by nonlinear loads like power converters,
I7 = 45A uninterruptible power supplies)

tan &, =2.107*

Rs (70 °C) = 13 mQ

Calculation of rms current:

1= Ji2+12+1,2 = 257 +13,57 44,52 A = 29 A
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a) Dielectric power dissipation  Pp

This can be read as a function of frequency from the top diagram of the thermal data sheet (the
diagram applies to operation at Uy, there is also a curve for 0,9 - Uy) or calculated by equation. The
voltage drops caused by the harmonic currents are comparatively small and unknown for most ap-
plications, so they can be ignored in this calculation.

P, = U® 2 Onl¥, CC [tan &,

102 KLK1659-R
W
PD
4
pA
T Yl
1 1
10 I,,'
Dielectric power dissipation Pp pat
versus repetition frequency fy < e
o/
Uy=AC440V — ,ﬁ"
(XU N Yo 1oV —— 100 P/
10t 102 108 Hz 10

The result: Pp=3,5W

b) Resistive power dissipation  Pg

This can be read as a function of current (29 A in the example) from the middle diagram of the ther-
mal data sheet or calculated by equation.

P = I°[Rg
102 KLK1660-U
W
Ff
10! %
II
/
Ohmic power dissipation Pg
versus rms current value / //
Rs (70 °C) = 13 mQ /
Imax =40 A 10° /
10° 10t 102 A 103

The result: PR =11 W
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c) Permissible ambient temperature:

This can be read as a function of total power dissipation from the bottom diagram of the thermal
data sheet.
Total power dissipation:

P =Py+Pr=145W

KLK1661-3

100
°Cc
o, 80
Permissible ambient temperature ©p
versus total power dissipation P 60 XY=l
. . .y ~ ‘~~
(Upright mounting position) < e
< A \‘.. ~.
. 40 S 3
Natural cooling _ < ~e—
Forced cooling 2 m/s -------=---=------- - \\\\ K <
Permissible capacitor 20 s ™~
temperature memrmememimem
black painted 0

0 10 20 30 40 50 60 W 70
» P

The result is the following permissible ambient temperature (for continuous operation):

for natural cooling: Oamax = 48 °C
for forced convection cooling (2 m/s): Opmax = 54 °C
5 Symbols and terms
5.1 Characteristics
Cn [LUF] Rated (or nominal) capacitance,

the capacitance value for which the capacitor has been designed.
CoeLTaA [MF] Capacitance value of one partial capacitar in delta connection.
Cstar [MF] Capacitance value of one partial capacitar in star connection.

cos ¢ Power factor
fn [Hz] Rated (or nominal) frequency,
the frequency for which the capacitor has been designed.
IN [A] Rated (or nominal) current,
rms value of the alternating current resulting from rated output and rated voltage.
P [W] Active power
On [var] Rated (or nominal) output, the reactive power derived from the rated values of

voltage, frequency and capacitance.
S [kva]  Apparent power
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tan &g Dielectric dissipation factor
The dissipation factor tan & of the dielectric is assumed to be constant for all ca-
pacitors in their frequency range of use. The figure stated in data sheets apply to
rated operation

U; V] Insulation level, only for units having all terminals insulated from the case.
The insulation level shall be marked by means of two numbers separated by a
stroke, the first number giving the rms value of the power frequency test
voltage Ut (in kV) and the second number giving the crest value of the lightning
impulse test voltage (in kV), e.g. 3/15 kV.
Units for non-exposed installation are not tested according to IEC 831 clause 15
(“Lightning impulse voltage test between terminals and container”). For this infor-
mation should be e.g. 3/- kV.

Un V] Rated (or nominal) voltage,
the rms value of the alternating voltage for which the capacitor has been designed.

XN Nominal reactance of capacitor

5.2 Maximum ratings

Unmax Maximum permissible AC voltage of the capacitor.

This value depends on the duration and is specified in the IEC standard as follows:

Uy + 10 % (up to 8 hours daily)
Uy + 15 % (up to 30 minutes daily)
Un + 20 % (up to 5 minutes)
Uy + 30 % (up to 1 minute)
Imax Maximum permissible AC current of the capacitor: Capacitors shall be suitable for
continuous operation at an rms line current of 1,3 times rated current that occurs
at rated sinusoidal voltage and rated frequency, excluding transients.

Taking into account the capacitance tolerances of 1,15 - Cy, the maximum current
canreach 1,5 - Iy.

Is Maximum allowed inrush current.
(duldt)max Maximum repetitive rate of voltage rise.
(duldb)g Maximum non-repetitive rate of voltage rise.

(The rate of voltage rise is limited by the peak current handling capability of the
contacts or the self-inductance of a capacitor.)
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5.3 Test data
Ut Test voltage between terminals; each capacitor shall be subject to an AC test
at U; = 2,15 - Uy for a minimum time of 2 s.

Urc Test voltage between terminals and case;
Uy <660 V: 3000 Vac for a period of 10 seconds,
Uy >660 V: 6000 Vac for a period of 10 seconds

tan 6 (50 Hz)  Tangent of the loss angle of a capacitor, the ratio between the equivalent series
resistance and the capacitive reactance of the capacitor at specified sinusoidal
alternating voltage and frequency.

5.4 Climatic category
Omin Minimum ambient temperature

Omax Maximum ambient temperature
(under forced cooling conditions higher ambient temperatures possible,
see thermal data sheets)

Humidity Average relative humidity < 75 %

1LD(co) Life expectancy

Ostg Storage and transport temperature range

5.5 Standards for low voltage power factor correction capacitors

VDE 0560 part 46 and 47  Power capacitors of the self-healing types for AC systems having rated
voltages up to and including 1 kV.
part 1: General-performance, testing and rating
— safety requirements — guide for installation and operation
part 2: Aging test, self-healing test and distruction test

IEC 831 part 1 and 2 Most common international accepted standard for low voltage PFC ca-
pacitors, issue date 1996;
IEC = “International Electrotechnical Commission” in Geneve/Suisse

EN 60831 part 1 and 2 European standard, identical to the international standard IEC 831-1
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