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Abstract duminumelectrolytic and DCfilm capacitors are widely used in all types of inverter
power systems, fromariablespeed drives twelders, UPS systems and inverters for renewable
energy This paper discusses the considerations involved in selecting the righf byse
capacitors for such power systemsinly in terms of ripple current handling and fow
impedance energy storage that maintains low ripple voltagamples of how to use Cornell
Dubi | i éasédimpdaade modeling and lifetime modeling appletsose calculation

inputs include not only ambient temperature and airflow velocities but alsmasepains and
switching frequency componentse covered.

Introduction
In this paperwe will discuss how tgo aboutthoos$ng a capacitor technology (film or

electrolytic) andseveral of the capacitor paramefetsch as nominalapacitance, rated ripple
current and temperaturdor powerinverter applications of a few hundred watts and up.

Figurel showssomef Cor nel |l Dubilier6s DC Link capacitors
aluminum electrolytic capacitors of snam plugin, and screwterminal varieties. Right photo shows
screwterminal, stueterminal and soldedeaded film capacitors.

In terms of source energy, we will discuss DC sources as well as rectified or chopped single
phase and threghase ACwith or without PFC (power factor correction) and with or without
bidirectional energy flow such as regenerative brakiing the inverter age we will be

speaking in generakrms of inverters requiring a leimpedance, capacitive energy input
source but we willnot differentiate amongpecificinvertertopologiesand PWM(pulse width
modulation)schems, nor go into PWM theory such te different conduction modes

harmonic injection techniques, THD calculation, etc.
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Review of the basic power conversion scheme

In Figure2 we see gienerablock diagram of aoltagesource inverter (VSI) that this paper will
discuss. Irgeneralthe power flow ideft-to-right unless power factor correction (PFC) or
regenerative schemes are incorporated.

ENERGY Isource linverter > Inverter
SOURCE E FL[
(utility mains,
battery, solar
panel, etc.)
Converter TN Inverter
DCJLink
Capacitor

Figure 2: General block diagram of a voltage source inverter.

We may infer from Figure 2 that the DC |ink
main contributors: (1) the incoming current from the energy source and (2) the current drawn by
the inverter. Capacitors canmassDC currentithus,DC current only flows from the source to

the inverter, bypassing the capacitor. Power factor correction (PFC) in the converter and/or
regenerative energy flow in certain topologies can complicate matters,dutases,

instantaneous current is conseshat the threeurrent node of the DC link capacitor connection.
Although some cancellation can occur between the AC components of the source current and the
inverter current, it is usually a good approximation or at least conservative to estimate the
camci tordés RMS ripple current as

O iai O iai O L ai (1)

This is usually a good approximation because, as we will see later when we examine the
frequency spectra, the converter stageally has much lower frequency ripple current content
than the inverter stage.

Therefore, let us first examine thenverter stage by itself, amitially treat the inverter as a
load with a fixed power or resistandethe energy source is a battenyother pureDC source,
there will be no ripple current or ripple voltage on the DC &nking from this sourgeso we
will only need tcexamine varying sources, particularly rectified or chopped AC mains.
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Analysis of Energy Source Contributions to
DC Link Ripple Current and Ripple Voltage

To facilitate the analysis and make the conclusions as general as possible, let us implement Per
Unit (PU) analysis based on the load power drawn by the inver$suming conserved
guantityPowerand a mains frequendyThis basis is therefore equal to the ideal DC power
delivered to a load resistor, so the base voltage is equal to thegleeaje at zero ripple voltage.
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Let us first examine rectified singfghasesO Hzmai ns wi t h i deal di odes.

supply schemesan produce very high ripple current in the DC link capacitor, as it serves as a

filter capacitor in this roleThe current pulses charging the capacitor when the diode(s) are
forward-biased are generally mubhiefer than the time the capacitor is discharging into the

load.Due to the principle of Charge Conservatioma capacitgrthese pulses atkereforequite

a bit higher in amplitude than the load current. This usually resulthire capaci t or 6s R
currentbeinggreater than the DC current delivered to the load. Generathe @amount of line

inductance is addedr transformer leakage indactceis considerear recognizegfor valid

modeling and/or implementation.

Figure 3 shows a fullvave bridge schematic which we will first analyzeaoperunit basis for
the capacitorodos AC RtM&akrmipple poltage. cur rent and pea

Most power supplydesigners want a pedé-peak ripple voltage of less than 5%, arsdially

limit line inductance to about 5% panit. What we see from the Spice analysis results
summarized in Figure 4 is that asinglephase fulwave bridge analysis of thercuit of Figure

3. In order to accomplish these objectives, a lot of capacitance is needed, on the order of 40 PU
or more. Figure 5 shows that as long as some line inductance such asudi iger

incorporated, th&MSr i ppl e c ur r e rnve totheslaved df capaeitange. Ia leigure 6 t i
we show the frequency content of the capacitor ripple current. Nearly zero at DC (0 Hz) as it
should be, then only a few components at,2ndl 6 times the line frequency.
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Figure 3: Fullwave bridge withine inductor, filter capacitorand resistive load.

Single-Phase Full-Wave Bridge Per-Unit Ripple Voltage
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Figure 4: Per-unit analysis of percent ped&-peak ripple voltage versus line inductance for four values
of filter capacitance.
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Single-Phase Full-Wave Bridge Per-Unit Icap.rms
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Figure 5: Perunit analysis of RMS ripple current through fileer capacitor versus line inductance for
four values of filter capacitance.
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Figure 6: Ripple current magnitude frequency spectrunafioil-wave bridge with 50 Hz mains.
The abscissas are multiples of 12.5 Hz, and thus the energy bandsfirevatinteger
multiples of the mains frequency, decaying rapidly.

Figure 7 shows a halfave bridge schematia/hich is even more demanding on a-peit basis

than was the fullvave bridgeas farastheapaci t or 6s AC RMS-topaap pl e cu
ripple voltageare concerned. The analysis summarized in Figure 8 shows that to @cheal¢o-

peak ripple voltage of less thatiwba capacitance on the ordél@0 PUormore s r equi r ed.
probably cheaper to just add three diodegure9 shows thatmoreline inductance such agveral
percenterunit isneeded to lowethe RMS ripple current to a modest levéh FigurelOwe e

thatthe frequency content of the capacitor ripple curiengarly zero at DC (0 Hz) asntustbe,
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then only a few componends half the frequencies of the fullave bridgethus at 1, 2and 3
timesthe line frequencyrolling off rapidly.
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Figure 7: Half-wave bridge with line inductor, filter capacitand resistive load.
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Figure 8: Per-unit analysis of percent ped&-peak ripple voltage versus line inductance for four values
of filter capacitance.
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Single-Phase Half-Wave Bridge Per-Unit Icap,rms
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Figure 9: Per-unit analysis of RMS ripple current through the filter capacitor versudridectance for
four values of filter capacitance.
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Figure 10: Ripple current magnitude frequency spectruna fwalf-wave bridge with 50 Hz mains. The
abscissas are multiples of 12.5 Hz, and thus the energy bands are at all integer multiplesasfishe
frequency, decaying rapidly.

Next, we move on in our convertstage analysis from singfghase rectifiers to thrgghase, six

diode rectifiers, very common input for our DC Link film and electrolytic capaciB®s.Figure
11.The perunit inductance is in each leg of the thrpbase lines. We are going to keep the same
base units as for single phase so that the comparisons will be on the nominal power delivered to
the resistive load at itsominalpeak voltageSuch rectified mains configurationtiwout L and C
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would have a ripple voltage of nomoretha&d B/ 2 a -0nit, As3thls isghe maximum
droop from the peaks of thkereel202phaseshifted, overlapping sinusoidal maiusitage
rectified waveforms.
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Figure 11:Threephase, sidiode rectified bridge with line inductor, filter capacit@nd resistive load.

From the results summarized in Figure 12, we observe that with only 1.5% line inductance, we
can achieve less than 5% ripple voltage with a much smallacitapce of only 4 peunit, as
compared to 40 for singighase fulwave bridgeHowever, even for the thregghase, sixdiode
rectifier, going belowCpu=4 i s n 6 t foranarnaal valaeb df lepas seen in the enormous
ripple voltage that occurs at 1 and 2 PU. This is duked.Cringing.

In Figure 13 we see that the capacitor ripple currentipgris less than half that of the single
phase fulwave bridge rectifier discussed earlier.

As we will discuss later, capacitor ESR decreases with increasing frequency. Instead of ripple
current components being at very small multiples of the utility mains frequency, we see in Figure
14 that the multiples are now at 6, 4d 18 times the mains eency.
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Three-Phase Six-Diode Bridge Per-Unit Ripple Voltage
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Figure 12: Perunit analysis of percent ped&-peak ripple voltage versus line inductance for
five values of filter capacitanc&esonant behavids seemearL pu Cpuao0. 01 .
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Figure 13: Perunit analysis of RMS ripple current through fileer capacitor versus line
inductance forif’e values of filter capacitance.
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Figure 14: Ripple current magnitude frequency spectrunthi@e phase, sixdiode rectified
bridgewith 50 Hz mains. The abscissas are multiples of 25 Hz, and thus the energy bands are at
all integer multiples o$ix timeghe 50 Hamains frequency, decayivgry rapidly.

Analysis of Inverter Contributions to
DC Link Ripple Current and Ripple Voltage

If we increase our level of abstraction high enough, we recognize thactifeedmains
analysisin the previous sectioreveals this energy source todeequence of current pulses
applied to the capacitoi hissuggests that a similar approanhy beappliedto the analysis of
the inverter input currentvhich draws a sequence of pulses from the DC link capacitor.ddoth
thesesets of pulses will cause voltage ripple as well as ripple current and its atteaaamg.

As far as the effect on capacitor ripple current and ripple voltage, the main difference between
these two distinct sets plilsesenergy source versus inverter siitkthe range of frequencies
involved. Typically, the rectified mains and its harmonics are less than 2 kHz, while the inverter
switching frequency and its harmonics are usually above 2 kHz.

No rulestates that the energy source mustlibee rectified In fact, it could be chopped up with
| GBT 6 < switchesSimilarly or differently from the inverter sche@igcuits that
accomplish power factor correction;directional energy flow (e.g. regenerative braking), etc.
generally operate in this manner.

Ultimately the overall analysis of the capactipple current and voltage will involve
superposition of the current flows at its connection node.

In generalthe inverter stagases solicst at e switches such clopupl GBT6 s
its DC voltage input to create a digital lookifrgultilevel) or an even simplebinary (two-level)
outputvoltage waveform dependi ng up o fdisdietewoltagavalyes,fdryeny e | s 0
from two to six or more levelshe PWM topology incorpates

For this reason, a | ong time ago thea® were r
especially for DEDC convertersbo ut mor e formal |l y t hwidth are cal | e
modulators).
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Theunfiltered PWM output voltage is never a true sine wave, but when driving an inductive

load such as a motor, the current will tend to be proportional to thertegral of the PWM

voltage waveform, whose modulation scheme is designed so thetblees (voksecondspf

these pulses will produce approximately a sinusoidal current, since for an inductor L, we have a
currenti = Uy dt/L. And for applicationsuch as a UPSequiringsomething close to a sinusoidal
voltage, an LC or ferroesonant filter can be used after BM&/M stage effectivelyintegrating

and lowpassfiltering the voltage waveform.

As will be discussed later, the PWM contnabdulation scheme cagffect capacitor heating, but
usually, the primary goals of the powenply designer are to meet (1) efficiency goals, (2)
overall cost, sizeand reliability constraints and (3) total harmonic distortion limits such as 5%
and sometimes input power factor limi# minimizing capacitor lossésst always thehighest
priority for the power supply design engineetill St is good to investigate and quantify the
relative impact of various factors affecting the capacitor stress.

General Voltage Source Inverter

. . Pre-Conditioning _
Energy (Rectification, DC Link _L
Source Regulattior;, PFC, Capacitor /I\
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Control
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Inverter
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Figure 15: General block diagram of a voltage source inverter. The top rowei€tnverter and the DC
Link. The bottom row is the Inverter stage.
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Electric Vehicle Motor Drive Inverter
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Figure 16: Three example application topologies. The topological variations arise from differences in the
nature of the energy supply and demand.
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