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Abstract, aluminum electrolytic and DC film capacitors are widely used in all types of inverter 

power systems, from variable-speed drives to welders, UPS systems and inverters for renewable 

energy. This paper discusses the considerations involved in selecting the right type of bus 

capacitors for such power systems, mainly in terms of ripple current handling and low-

impedance energy storage that maintains low ripple voltage. Examples of how to use Cornell 

Dubilierôs web-based impedance modeling and lifetime modeling applets, whose calculation 

inputs include not only ambient temperature and airflow velocities but also separate mains and 

switching frequency components, are covered. 

 

Introduction 

 

In this paper, we will discuss how to go about choosing a capacitor technology (film or 

electrolytic) and several of the capacitor parameters, such as nominal capacitance, rated ripple 

current, and temperature, for power inverter applications of a few hundred watts and up.  

 

 
 

Figure 1 shows some of Cornell Dubilierôs DC Link capacitors for power inverters. Left photo features 

aluminum electrolytic capacitors of snap-in, plug-in, and screw-terminal varieties. Right photo shows 

screw-terminal, stud-terminal, and solder-leaded film capacitors. 

 

In terms of source energy, we will discuss DC sources as well as rectified or chopped single-

phase and three-phase AC, with or without PFC (power factor correction) and with or without 

bidirectional energy flow such as regenerative braking. For the inverter stage, we will be 

speaking in general terms of inverters requiring a low-impedance, capacitive energy input 

source, but we will not differentiate among specific inverter topologies and PWM (pulse width 

modulation) schemes, nor go into PWM theory such as the different conduction modes, 

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

 

In Figure 2 we see a general block diagram of a voltage-source inverter (VSI) that this paper will 

discuss. In general, the power flow is left-to-right unless power factor correction (PFC) or 

regenerative schemes are incorporated.  

 

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

 

We may infer from Figure 2 that the DC link capacitorôs AC ripple current Icap arises from two 

main contributors: (1) the incoming current from the energy source and (2) the current drawn by 

the inverter. Capacitors cannot pass DC current; thus, 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, but in all cases, 

instantaneous current is conserved at the three-current 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 

capacitorôs RMS ripple current as  

 

 

Ὅ ὶάί Ὅ ὶάί Ὅ ὶάί                    (1) 

 

 

This is usually a good approximation because, as we will see later when we examine the 

frequency spectra, the converter stage usually has much lower frequency ripple current content 

than the inverter stage. 

 

Therefore, let us first examine the converter stage by itself, and initially treat the inverter as a 

load with a fixed power or resistance. If the energy source is a battery or other pure-DC source, 

there will be no ripple current or ripple voltage on the DC link arising from this source, so we 

will only need to examine 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 inverter, assuming a conserved 

quantity Power and a mains frequency f. This basis is therefore equal to the ideal DC power 

delivered to a load resistor, so the base voltage is equal to the peak voltage at zero ripple voltage. 
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Let us first examine rectified single-phase 50 Hz mains with ideal diodes. Such ñlinearò power 

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

filter capacitor in this role. The current pulses charging the capacitor when the diode(s) are 

forward-biased are generally much briefer than the time the capacitor is discharging into the 

load. Due to the principle of Charge Conservation in a capacitor, these pulses are therefore quite 

a bit higher in amplitude than the load current. This usually results in the capacitorôs RMS ripple 

current being greater than the DC current delivered to the load. Generally, some amount of line 

inductance is added, or transformer leakage inductance is considered or recognized, for valid 

modeling and/or implementation. 

 

Figure 3 shows a full-wave bridge schematic which we will first analyze on a per-unit basis for 

the capacitorôs AC RMS ripple current and peak-to-peak ripple voltage. 

 

Most power supply designers want a peak-to-peak ripple voltage of less than 5%, and usually 

limit line inductance to about 5% per-unit. What we see from the Spice analysis results 

summarized in Figure 4 is that of a single-phase full-wave bridge analysis of the circuit 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 as 1% per-unit is 

incorporated, the RMS ripple current isnôt very sensitive to the level of capacitance. In Figure 6 

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 2, 4, and 6 times the line frequency.  
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Figure 3: Full-wave bridge with line inductor, filter capacitor, and resistive load. 

 

 
 

Figure 4: Per-unit analysis of percent peak-to-peak ripple voltage versus line inductance for four values 

of filter capacitance. 
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Figure 5: Per-unit analysis of RMS ripple current through the filter capacitor versus line inductance for 

four values of filter capacitance. 

 

 
 

Figure 6: Ripple current magnitude frequency spectrum for a full-wave bridge with 50 Hz mains. 

The abscissas are multiples of 12.5 Hz, and thus the energy bands are at all even-integer 

multiples of the mains frequency, decaying rapidly. 

 

Figure 7 shows a half-wave bridge schematic, which is even more demanding on a per-unit basis 

than was the full-wave bridge, as far as the capacitorôs AC RMS ripple current and peak-to-peak 

ripple voltage are concerned. The analysis summarized in Figure 8 shows that to achieve a peak-to-

peak ripple voltage of less than 5%, a capacitance on the order of 100 PU or more is required. Itôs 

probably cheaper to just add three diodes! Figure 9 shows that more line inductance such as several 

percent per-unit is needed to lower the RMS ripple current to a modest level. In Figure 10 we see 

that the frequency content of the capacitor ripple current is nearly zero at DC (0 Hz) as it must be, 
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then only a few components at half the frequencies of the full-wave bridge; thus at 1, 2, and 3 

times the line frequency, rolling off rapidly. 

 
Figure 7: Half-wave bridge with line inductor, filter capacitor, and resistive load. 

 

 
Figure 8: Per-unit analysis of percent peak-to-peak ripple voltage versus line inductance for four values 

of filter capacitance. 
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Figure 9: Per-unit analysis of RMS ripple current through the filter capacitor versus line inductance for 

four values of filter capacitance. 

 

 

 
 

 
Figure 10: Ripple current magnitude frequency spectrum for a half-wave bridge with 50 Hz mains. The 

abscissas are multiples of 12.5 Hz, and thus the energy bands are at all integer multiples of the mains 

frequency, decaying rapidly. 

 

 

Next, we move on in our converter-stage analysis from single-phase rectifiers to three-phase, six-

diode rectifiers, very common input for our DC Link film and electrolytic capacitors. See Figure 

11. The per-unit inductance is in each leg of the three-phase 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 its nominal peak voltage. Such rectified mains configuration without L and C 
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would have a ripple voltage of no more than 1-ã3/2 å 0.134 per-unit, as this is the maximum 

droop from the peaks of the three 120º-phase-shifted, overlapping sinusoidal mains-voltage 

rectified waveforms. 

 

 
Figure 11: Three-phase, six-diode rectified bridge with line inductor, filter capacitor, and 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 smaller capacitance of only 4 per-unit, as 

compared to 40 for single-phase full-wave bridge. However, even for the three-phase, six-diode 

rectifier, going below Cpu = 4 isnôt advisable for normal values of Lpu as seen in the enormous 

ripple voltage that occurs at 1 and 2 PU. This is due to the LC ringing. 

 

In Figure 13 we see that the capacitor ripple current per-unit is less than half that of the single-

phase full-wave 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, 12, and 18 times the mains frequency. 
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Figure 12: Per-unit analysis of percent peak-to-peak ripple voltage versus line inductance for 

five values of filter capacitance. Resonant behavior is seen near LpuCpuå0.01. 

 

 
 

Figure 13: Per-unit analysis of RMS ripple current through the filter capacitor versus line 

inductance for five values of filter capacitance. 
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Figure 14: Ripple current magnitude frequency spectrum for three-phase, six-diode rectified 

bridge with 50 Hz mains. The abscissas are multiples of 25 Hz, and thus the energy bands are at 

all integer multiples of six times the 50 Hz mains frequency, decaying very rapidly. 

 

 

Analysis of Inverter Contributions to  

DC Link Ripple Current and Ripple Voltage 

 

If we increase our level of abstraction high enough, we recognize that the rectified-mains 

analysis in the previous section reveals this energy source to be a sequence of current pulses 

applied to the capacitor. This suggests that a similar approach may be applied to the analysis of 

the inverter input current, which draws a sequence of pulses from the DC link capacitor. Both of 

these sets of pulses will cause voltage ripple as well as ripple current and its attendant heating. 

 

As far as the effect on capacitor ripple current and ripple voltage, the main difference between 

these two distinct sets of pulses, energy source versus inverter sink, is the 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 rule states that the energy source must be diode rectified. In fact, it could be chopped up with 

IGBTôs or SiC switches similarly or differently from the inverter scheme. Circuits that 

accomplish power factor correction, bi-directional energy flow (e.g. regenerative braking), etc. 

generally operate in this manner. 

 

Ultimately the overall analysis of the capacitor ripple current and voltage will involve 

superposition of the current flows at its connection node.  

 

In general, the inverter stage uses solid-state switches such as IGBTôs or SiC devices to chop up 

its DC voltage input to create a digital looking (multilevel) or an even simpler binary (two-level) 

output voltage waveform, depending upon how many ñlevelsò (discrete voltage values, varying 

from two to six or more levels) the PWM topology incorporates.  

 

For this reason, a long time ago these were referred to as ñchoppers,ò and sometimes still are, 

especially for DC-DC converters, but more formally they are called PWMôs (pulse-width 

modulators).  
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The unfiltered 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 the time-integral of the PWM 

voltage waveform, whose modulation scheme is designed so that the webers (volt-seconds) of 

these pulses will produce approximately a sinusoidal current, since for an inductor L, we have a 

current i = Ú v dt/L. And for applications such as a UPS, requiring something close to a sinusoidal 

voltage, an LC or ferro-resonant filter can be used after the PWM stage, effectively integrating 

and low-pass-filtering the voltage waveform. 

 

As will be discussed later, the PWM control/modulation scheme can affect capacitor heating, but 

usually, the primary goals of the power supply designer are to meet (1) efficiency goals, (2) 

overall cost, size, and reliability constraints and (3) total harmonic distortion limits such as 5%, 

and sometimes input power factor limits. So minimizing capacitor losses isnôt always the highest 

priority for the power supply design engineer. Still, it is good to investigate and quantify the 

relative impact of various factors affecting the capacitor stress. 

 

 
 

Figure 15: General block diagram of a voltage source inverter. The top row is the Converter and the DC 

Link. The bottom row is the Inverter stage. 
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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. 


