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Abstract

High-power conversion systems are based not
only on three-phase inverters but also on single-
phase inverters because modular multilevel
cascade converters (MMCC) consist of half- or full-
bridge single-phase converters. Their DC-link
capacitors are a major constraint on the
improvement of power density as well as of
reliability. Evaluation of dc-link capacitors in terms
of power loss, ageing, and failure rate will play an
important role in the next-generation power
converters. This paper presents an evaluation
circuit for dc-link capacitors used in a high-power
single-phase PWM inverter. The evaluation circuit
produces a practical ripple current waveform and
a dc bias voltage into a capacitor under test with a
downscaled voltage-rating inverter, which is
equivalent to those of the full-scale inverter.
Theoretical analysis and experimental results
verify the effectiveness of the evaluation circuit.

1. Introduction

DC-link capacitors in power electronic converters
are a major constraint on the improvement of
power density [1]. They tend to include a design
margin of size or capacitance due to power loss.
The minimum design margin of the capacitors is
desirable. A lifetime of the capacitors is usually
shorter than that of semiconductor devices or
magnetic devices. Evaluation of the capacitors in
terms of power loss, ageing, and failure rate will
play an important role in design stages of the next-
generation power converters [2-12]. However,
characteristics of the capacitors are usually
evaluated by a single sinusoidal current such as
120 Hz, 1 kHz, and so on [5-7]. There are some
kinds of “ripple current tester” instruments that
provide a sinusoidal ripple current as well as a dc-
bias voltage into the capacitor [5]. Actual current
flowing out of the converter into the capacitor
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Fig. 1 Basic concepts of an evaluation circuit for a high-po
wer capacitor. (a) Using full-scale inverter. (b) Using full-scal
e current-rating and downscale voltage-rating inverter.

contains multiple frequency components, so that
characteristics of the capacitors cannot be exactly
estimated [8]. In addition, the dc bias voltage
across the capacitors affects power loss and
ageing [3,7]. Thus, existing power converters
often employ more capacitors than necessary. It is
important to develop an evaluation circuit that will
be utilized in design stages or in tests before
shipment of the converters. Note that the circuit
should behave as an existing inverter in terms of
the dc bias voltage and ripple current waveform of
the capacitor.

The authors of this paper have proposed a new
evaluation circuit using a small inverter for dc-link
capacitors used in a high-power three-phase
inverter [9, 10], which presents the equivalent
current waveform to that of existing three-phase
inverters. The evaluation circuit will be utilized for
evaluating the capacitor such as the followings:

1) Electrical measurement of ESR and
capacitance [4, 6, 11].

2) Power loss measurement [12, 13].

3) Accelerated aging [7].
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Fig. 3 Basic operation of the VSI-based evaluation circuit. (a) Ripple current flowing out of the VSI. (b) DC curren
t flowing out of the low-voltage dc supply. (c) DC current flowing out of the high-voltage dc supply.
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Fig. 2 VSI-based evaluation circuit

High-power conversion systems including AC
motor drives and Flexible AC transmission
systems (FACTS) are based not only on three-
phase inverters but also on single-phase inverters
because modular multilevel cascade converters
(MMCC) [14-16], that are also referred to “modular
multilevel converters (MMC)” or “cascaded H-
bridge converters (CHB), consist of single-phase
full-bridge or half-bridge converters. Therefore, an
evaluation circuit for dc-link capacitors used in a
high-power single-phase inverter is also attractive
for practical use.

This paper describes the performance of the
evaluation circuit when it is applied to a single-
phase high-power PWM inverter. Theoretical
analysis reveals the lower limit of the power rating.
Experimental results confirm the effectiveness of
the circuit.

2. Evaluation Circuit for DC-link
Capacitors Based on Voltage-Source
Inverters

2.1. Basic Concept

The most effective way to evaluate dc-link
capacitors is measuring their characteristics with

an existing converter in operation. Fig. 1 (a) shows
the basic idea of the evaluation circuit, in which a
full-scale current-rating and full-scale voltage-
rating inverter is connected to a capacitor under
test, Cur.

Fig. 1 (b) shows the basic concept of the new
evaluation circuit that employs a small-power-
rating inverter, the capacitor under test, a
bypassing capacitor, a choke inductor, and a high-
voltage dc supply [9]. The concept is similar to the
circuits proposed in [6] and [7] in terms of the
combination of a ripple current generator and a dc
voltage supply, whereas it presents the same
current waveform as that generated by the inverter.
The current rating of the small inverter is full-scale,
while voltage rating of that is downscale. The high-
voltage dc supply keeps the capacitor voltage a
desired dc bias voltage. The bypassing capacitor
is used for circulating the ripple current generated
by the inverter through the capacitor under test.
The choke inductor blocks the ripple current,
through which only dc current flows. Hence, the
new circuit operates as the full-scale voltage-rating
and full-scale current-rating inverter from the
standpoint of the dc bias voltage and ripple current.
Note that the choke inductor Lnyv can be replaced
by a resistor if its dissipated power is negligible.

2.2. \Voltage-Source-Converter-Based
Circuit

Voltage-source inverters (VSIs) can be used as
the small inverter [9, 10]. Fig. 2 shows the VSI-
based evaluation circuit, where the VSI stands for
either a three-phase full-bridge inverter or a single-
phase one. The dc-link terminal of the VSI is
connected to the bypassing capacitor and the
capacitor under test. The three-phase-VSl-based
circuit behaves as a full-scale three-phase inverter,
whereas the single-phase-VSI-based circuit does
a full-scale single-phase inverter as well.
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Fig. 4 Experimental setup of the evaluation circuit consisting of a single-phase inverter and its circuit parameters.

Fig. 3 shows current paths of the VSI-based
circuit. The ripple current generated by the VSI
circulates through Cpypass and Cur as shown in Fig.
3(a). The low-voltage dc supply V.v provides a dc
current to the VSI through L.y, as shown in Fig.
3(b). The high-voltage dc supply charges Cyr and
Chuypass 10 its operating voltage, and then supplies a
small amount of leakage dc current of the
capacitors as shown in Fig. 3(c). Hence, the power
rating of the high-voltage dc supply is quite small.

Note that the evaluation circuit using a single-
phase current-source inverter (CSI) can also
behave as the full-scale three-phase and single-
phase inverter if it can provide the same ripple
current waveform as that generated by the full-
scale single-phase and three-phase inverter,
respectively. However, not only pulse width but
also amplitude should be modulated to synthesize
the ripple current waveform. In practice, therefore,
guite complex control would be required for the
CsI [9, 10].

3. Application to a Single-Phase
Inverter

3.1 Power Rating of the small VSI

Since the current rating of the low-voltage inverter is
the same as that of the full-scale inverter, the relation
between the power rating of the small VSI, Psmai and
that of the full-scale inverter, Prs is given by

= Psman _ Vbclink-s _ Viv

Prs  Vpclink-rs  Vav 0
where VbcinkFrs and Vpcink-s are nominal dc-link
voltages of the full-scale inverter and the VSI,
respectively. As for determining Vv, attention should
be paid to the ripple amplitude of the dc-link voltage

because the ripple amplitude must be smaller than
the nominal dc-link voltage always to keep the dc-link
voltage positive.

3.1 Ripple Voltage on the DC Link

A major concern of the evaluation circuit
consisting of the single-phase VSI is the ripple
amplitude of the capacitor voltage under test
because instantaneous power in a single-phase
circuit fluctuates at double the fundamental
frequency, whereas that in a three-phase circuit is
constant [17].

The dc-link voltage of the VSI, Vgciink, is the sum of
the Vbypass @and vcur, as shown in Fig. 1(b), so that
the ripple amplitude of the dc-link voltage, Avgciink,
is given by

Avqciink = AVpypass + Aveur

1)
where AVpypass and Aveyr stand for ripple
amplitudes of those of the two capacitors. Avgciink
is a constraint on the power rating of the VSI
because the dc mean of the dc-link voltage Vcink
should be designed to be larger than ripple
amplitude. From equation (1), the ripple ratio of
Vdelink, l'dclink IS given by
Avdclink _ Avbypass + A17CUT

VLV VLV

_ Avbypass + AvCUT x

Tdclink =

VH 14 VLV

= (rbypass + rCUT) X E
_ _ 2
where rpypass and rcur are ripple ratios of Vpypass and
Vcur Wwith respect to Vv, respectively. n
corresponds to the ratio between voltage ratings of

the full-scale inverter and the small inverter.
Equation (2) suggests that the dc-link voltage
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Fig. 5 Voltage waveforms of the single-phase-VSI-based
circuit. (a) veur. (b) Vdalink.

could contain a large ripple amplitude although the
two capacitors contain a small ripple ratio. rqcink
has to be less than unity in order not to make the
dc-link voltage negative as follows:

Taclink < 1
)
Substituting (2) into (3) gives
Tbypass + Tcur <n
(4)

Equation (4) suggests that ripple ratios of Cpypass
and Cyr determine the lower limit of the power
rating of the small VSI. For example, if both the
ripple ratios ryypass and rcut is 5%, the power rating
of the VSI should be more than 1/10 of that of the
full-scale inverter.

3.3 Design of Choke Inductors

The ripple current contains the switching
frequency and double the output frequency (2w)
components of the VSI. The low-voltage choke
inductor L.y and choke impedance Zuv should
block both the switching frequency and 2o
components. Since 2m» is much lower than the
switching frequency, only 2o can be taken into
account for the design of the low-voltage choke
inductor L.v and choke impedance Zuv.

Impedances of L.y and Zuv should be much larger
than that of capacitors Cyr and Chpypass.
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Fig. 6 Current waveforms of the single-phase-VSI-based
circuit. (a) Experimental waveform of the evaluation circui
t. (b) Simulated waveform of the Full-scale inverter.
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(6)
where o = 2nufo, fo is the output frequency of the
inverter, Cqc indicates Cur or Chypass. This paper
introduced a L.y of 90 mH that is 56  at 100 Hz,
while either Cpypass Or Cur had an impedance of 5
Q at 100 Hz for experiment.

4. Experiment

4.1 Experimental Circuit Configuration

Fig. 4 shows the experimental setup of the
evaluation circuit and its circuit parameters. The
circuit employs 320-uF metalized polypropylene
capacitors rated at 1200 V for Cur and Cpypass. The
unit capacitance constant of the capacitor is 40 ms
[18]. The low-voltage dc supply Vv is adjusted to
be 1/10 of Vuv. Although the power rating of the
VSl is 580 VA, the evaluation circuit act as a 5800-
VA inverter for the capacitor under test. Sinusoidal
pulse-width modulation is applied to the inverter
with a unity modulation index.

4.2 Results

Figs. 5 shows voltage waveforms of vcyr and
Vaaink, Where veur fluctuated at double the output
frequency, 100 Hz. The ripple ratio of the capacitor
under test rcutr was 5% (60 V), while that of the dc-



link voltage racink was 88% (105 V) that is almost
10 times as large as the sum of rcut and roypass,
which agreed with equation (2). Fig. 6 shows
current waveforms flowing into the capacitor under
test, icut, and also show that in a 5800-VA full-scale
three-phase inverter by simulation for comparison,
where a software package of “PLECS” is carried
out [19]. The waveform of the evaluation circuit
almost agreed with that of the full-scale inverter
although the dc-link voltage contained a large
amount of ripple component.

Conclusion

This paper presents the performance of an
evaluation circuit for dc-link capacitors, consisting
of a single-phase voltage-source PWM inverter.
Although the power rating of the evaluation circuit
suffers from a ripple voltage resulting from double
the fundamental frequency component unlike a
three-phase inverter, it can be 1/10 of the full-scale
inverter in practice. Experimental results have
confirmed that the circuit produced almost the
same current ripple current waveform into a
capacitor under test as that of the full-scale inverter.

The evaluation circuit will provide accurate
power-loss measurement and lifetime estimation
for dc-link capacitors used in high-power single-

phase-inverter-based  circuit like  modular
multilevel converters.
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