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Abstract—The cascaded H-bridge low-capacitance static com-
pensator (LC-StatCom) deliberately reduces the capacitor size
while allowing large oscillations in capacitor voltages. When a
capacitor deteriorates, its capacitance decreases or/and its equiv-
alent series resistance (ESR) increases, compromising StatCom
performance and safety. For this reason, the condition monitoring
of the capacitors is important to schedule maintenance before
failure. This letter introduces a cost-effective and nonintrusive
method to monitor the condition of capacitors online. The pro-
posed method offers real-time monitoring without requiring ad-
ditional hardware or signal injection. The method uses averaged
low-frequency signals instead of instantaneous high-frequency
signals that can be corrupted by undesired high-frequency noise.
Specifically, the method takes advantage of the inherent twice-
fundamental-frequency oscillations on the capacitor voltage and
current to identify the ESR and capacitance values. The method
takes into account the influence of antialiasing filters required
for sampling process. The letter shows experimental results that
validate the fast and accurate performance of the proposed
capacitor condition monitoring.

[. INTRODUCTION

he cascaded H-bridge (CHB) static compensator (Stat-

Com) is a well-known technology for reactive power
compensation. A CHB StatCom is composed of several sub-
modules (SMs), each of them with its corresponding capacitor
on the dc side. Capacitors are one of the failure prone
components in power electronic converters and given the
number of capacitors in a CHB converter, monitoring their
condition is important to improve the StatCom’s reliability.
In low-capacitance StatComs (LC-StaComs), the capacitor
voltages have significant oscillations [1]. The capacitor voltage
and current oscillations in low-frequency ranges are signi-
ficatively affected by the capacitor parameters, specifically
by the capacitance (C) and equivalent series resistor (ESR).
These oscillations provide valuable information to determine
the capacitor parameters, which serve as indicators of the state
of health.

It is widely accepted that the end-of-life criterion for alu-
minum electrolytic capacitors is a 20% capacitance reduction
or 100% increase of the ESR, whereas for film capacitors, a
2% — 5% capacitance reduction indicates the capacitor’s end
of life [2].

Online capacitor condition monitoring (CCM) methods esti-
mate the C, or C and ESR simultaneously, during operation in
real time. Online monitoring methods, which have attracted

special attention in recent years [3]-[7], are more suitable
in practice than offline methods [8], [9]. Among the online
methods, some use the information contained in the high-
frequency range of the capacitor waveforms [3], [4], [7]. Oth-
ers use the averaged dynamic relationships among converter
signals to estimate the capacitor parameters [5], [6]. In most
cases, estimation using high-frequency waveforms necessitates
the use of advanced filtering stages such as Kalman filters
[3]. Nonetheless, recovering signal information is difficult
when noise, such as switching ringings or sensor response,
contaminates the frequency range of interest. Contrarily, low-
frequency approaches do not suffer from the aforementioned
high-frequency effects.

An interesting contribution belonging to the low-frequency-
range category, but with offline implementation, is found in
[9], where the input-to-output transfer function of an LRC
network is used to obtain the capacitor parameters. Specifi-
cally, [9] evaluates the magnitude and phase of the transfer
function employing a Fast-Fourier Transform, which would
require a significant amount of computational power in a real-
time version.

The proposed online CCM approach in this letter, also uses a
transfer function relating low-frequency signals. Specifically, it
uses the inherent twice-fundamental-frequency oscillations on
the measured dc-side voltage and a reconstructed form of the
dc-side current of the LC-StatCom to estimate parameters C
and ESR, requiring no additional hardware. These oscillations
are obtained using a high-selective second order generalized
integrator configured as quadrature signal generator (SOGI-
QSG) [10]. Furthermore, the effects of antialiasing filters used
in the sampling process are taken into account as well.

The organization of the rest of the letter is the following.
Section II reviews the CHB StatCom topology, its standard
control modules, and the proposed capacitor parameters es-
timation approach. Section III depicts experimental results to
demonstrate the effectiveness of the approach. Finally, Section
IV summarizes the letter.

II. PROPOSED CAPACITOR CONDITION MONITORING
METHOD

Fig. 1 shows the LC-StatCom converter. It consists of n
submodules (SMs), each with its corresponding capacitance
Ci and ESR Rc,, k being the SM index.
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Fig. 1. Circuit diagram of a single-phase multilevel CHB StatCom.

A. LC-StatCom Modeling and Control
The dynamic behaviour of the LC-StatCom is given by

Cric, = —SkiL, (1
Lip, = —Rprir+ Y Skvde, — Vg, 2
k=1

where Sy is the switching state of the kth SM (S €
{—1, 0, 1}), 4r, is the grid current, v, is the grid voltage,
and L and Ry, are the inductance and resistance of the filter,
respectively. Note that the capacitor voltage v¢, is not measur-
able or available for feedback purposes, and instead the dc-side
voltage vq, is measured. The relationship between the dc-side
voltage, vq., , and the dc-side current, %4, , corresponds to

. Lot
Udl)k = RCkchk + C_ / Zdl)k dT7 (3)
k Jto
or alternatively, in the frequency domain,
1

with s as the Laplace variable, and V., (s) and I, (s) as the
Laplace transforms of vg., and 44, , respectively. Note that
(4) defines a transfer function for the capacitor impedance,
ch (S) = Rck + 1/ (SCk)

A conventional LC-StatCom control approach is shown in
Fig. 2, and it uses multiple nested loops as in [11]. The control
consists of three layers, namely: outer loop, inner loop, and
inter-SM balancing loop. Note that i and < vy, > refer to
the prescribed reference signals for the reactive current and
the average dc-side voltages, respectively. The active current
reference 7y, which together with 7 constitute the grid current
reference for the inner loop, is calculated by the outer loop
that processes the error (proportional and integral) of the
sum of average voltages with respect to its reference, i.e.,
> (< Vde, > — < vg% >) [11]. The simulation model and
control implementation corresponding to [11] is available in
[12].

Note that the capacitor current 74, is not available without
an additional sensor. However, it can be reconstructed via (1).
Fig. 2 shows signals involved in the proposed CCM scheme.
The proposed CCM uses as input Sk, i1, Vge,. and wt, which
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Fig. 2. General control block diagram for the LC-StatCom with the proposed
CCM method.

are obtained from the control loops. Nevertheless, ¢z, and vqe,
used within the CCM scheme are processed by an analog-to-
digital converter (ADC) (sampling process) and a lowpass filter
(LPF) as antialiasing filter, which add a nonnegligible delay
in the time scale of the capacitor impedance time constant,
R¢, Cy. For this reason, the switching signals S;, used within
the proposed CCM loop should be accordingly delayed.

B. Capacitor Parameters Estimation

The ESR and C of the capacitor in each SM can be obtained
from its impedance, Z¢, (jw) = R, — j/ (wCy). In the
sequel, for the sake of brevity, given the similarity between
SMs, the subscript corresponding to each SME is dropped.
In order to characterize the impedance parameters, only the
second-harmonic of the dc-side voltage, vg.—2, and current,
ide—2, 18 considered,

Vi p (20600, _2)
PRy

where V.o and ¢,,,, , are the amplitude and phase of vg.—2,
and similarly, I4.—2 and ¢, _, are the amplitude and phase
of 74._o. Therefore,

Zco (j2w) = . (&)

2

Re {Zc (j20)} = 7=

cos (¢Udc—2 - (b’id(;fz) = RC7 (6)

1
2wC”
(N
The second-harmonic components have large enough magni-
tudes to ensure that after the calculation the noise levels are
very low, thus avoiding the drawbacks of the high-frequency
methods.

Real-time acquisition of these second-harmonic components
can be accomplished by using a high-selective SOGI-QSG [10]
for both the voltage and current measurements. The outputs
of the two SOGIs correspond to the oo components of the
second-harmonic voltage and current, respectively. Specifi-
cally, vg._5 and 056_2 for the voltage, and 7. , and iZC_Q
for the current. It is important to highlight that the SOGI-
QSG processing the voltage waveform must compensate for
the dc component [10], thus resulting in the following transfer
funcions,

tm {Ze (j20)} = =2

sin ((bvdc,z - (Zsidc*Z) =

Vie—a (8) _ 20 (2w) s

Vae (s) — 82+42( (2w) s + (2w)° ®
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Fig. 3. Proposed CCM method for n SMs.

Vi (5) _ —2¢s? ©)

Ve (8) $2 +2¢ (2w) s + (2w)?’
whereas for the current,

130_2 (8) _ 2C (2W) S (10)
Lac(s) 2 42¢(2w)s + (2w)*

Ths(s) 2 (2w)*

= 35 (11)

Lac (s) s2 +2¢ (2w) s + (2w)

where 2(¢ corresponds to the SOGI gain (¢ is the damping
ratio), and the actual center frequency 2w is available as an
input signal from the phase-locked loop (PLL). High-selective
behaviour involves a value of ¢ < 0.1, and it is worth to note
that a value of { < 0.02 for the parameters in Table I implies
that the corresponding filter settling-time is greater than 0.32s.

Using these a8 components, the amplitude and phase of the
voltage are obtained in real-time as

2
Vdc—2 = \/(7)3072)2 + (1}5072) ’

v, , = atan2 (vdc 99 VG 2) — 2wt,

12)

13)

and similarly for the current. The ESR and C are calculated
from these amplitudes and phases according to (6) and (7),
respectively. Fig. 3 shows the detailed block diagram of the
proposed CCM method for n SMs, where Rck and C}, are
the outputs of the CCM and refer to the estimated capacitor
parameters ESR and C of the kth SM, respectively.

The capacitor impedance, Z¢ (s) = Rc + 1/ (sC), has a
zero at s, = —1/(RcC) that causes a phase shift ¢4, =
arctan (2wRcC') between the second-harmonic voltage and
current signals. For a small Ro value, ¢4, can be approxi-
mated as ¢4, =~ 2wRcC rad, which results in an advance time
of ty. = RcC'. The delay caused by the antialiasing filter and
ADC can be in the range of ¢,4,. Then, this delay must be
taken into account in the CCM method. Details on this delay
magnitude are given in the experimental results section.

TABLE I
EXPERIMENTAL SYSTEM PARAMETERS

Parameter Value

Grid voltage nominal amplitude, Vj 2002V (1 p.u.)

Grid nominal power, S, 2kVA (1p.u.)
Number of SMs per phase-arm, n 3
Grid angular frequency, w 1007 rad/s
Average capacitor voltage reference, < v} o > 110V
Nominal capacitance per SM, C, 1.27 mF
Filter inductance, L 5mH
Sampling frequency, fs 60 kHz
Cutoff frequency antialiasing filter, fq ¢ 20 kHz
Carrier frequency, fc 10kHz
SOGI-QSG damping ratio, ¢ 0.02
el
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Fig. 4. DC-side circuit diagram for emulating different operating conditions
in SM1, and a healthy situation of the dc-side in SM2 and SM3.

III. EXPERIMENTAL RESULTS

An experimental LC-StatCom prototype has been developed
and connected to a 200-Vrms grid supplied by a GE&EL
15kVA CINERGIA grid emulator. Table I provides the pro-
totype system parameters. The prototype has three IMPERIX
PEH2015 full-bridge modules, each of them with two 560-uF
electrolytic capacitors and one 150-uF electrolytic capacitor
connected in parallel. Disconnecting the 150-uF electrolytic
capacitor enables the emulation of sudden capacitance varia-
tions, in particular a 11.8% drop in this case. Furthermore, a
0.25-Q2 switch-bypassed-resistor is connected in series with the
capacitor of SM1 to emulate sudden resistance variations. A
detail of the connection scheme is provided in Fig. 4. The
control block diagram and the proposed CCM depicted in
Figs. 2 and 3, respectively, have been implemented in a B-
Box RCP 3.0 board from IMPERIX. The sampling rate f
is chosen about three times larger than the antialiasing filter
frequency f, s, thus satisfying the Nyquist-Shannon Sampling
Theorem with slack. The antialiasing filter frequency f,s is
twice the carrier frequency f.. The antialiasing filter is a Sth-
order Bessel filter with a cutoff frequency f,y = 20kHz,
hence with a practically flat group/phase delay of 20 ps, which
is taken into account in the proposed CCM. Specifically, the
switching signals Sj used to reconstruct the capacitor currents
ide, are accordingly delayed.

Experimental results are shown in Fig. 5 when the LC-
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Fig. 5. Experimental waveforms for different operating conditions corre-
sponding to (D, @, @ when the LC-StatCom is operating at 100%—rated
capacitive power. (a) Oscilloscope waveforms where Channels CHI1, 2, and
3 show the dc-side voltages (vg4c, ) in SM1-SM3, Channel CH4 shows the
voltage across the capacitor that is disconnected in SM1, and Channel CHS
shows the grid current (¢r,); (b) ESR value estimations; and (c) capacitance
value estimations.

StatCom is processing 2kVA. The first operating condition,
indicated as (I), corresponds to the case where healthy capaci-
tors are emulated, i.e., the 0.25-(Q) resistor in SM1 is bypassed
(switches @1 and @2 are on). Next operating condition, indi-
cated in Fig. 5 with (2), corresponds to the case wherein switch
@1 is off, i.e., the 0.25-Q resistor is added in series. The final
operating condition, indicated in Fig. 5 with ), corresponds
to the case where a 150-uF capacitor is disconnected from
SM1, i.e., switches 1 and Qo are off. As can be observed,
the ESR values are accurately estimated and RCI value sees
0.25 ) difference going from () to @ as expected. The C
values are accurately estimated as well and the Cy value
drops by 150 uF when @) starts. The proposed CCM method
detects the capacitor parameters ESR and C in approximately
0.32s. In addition, note that an expanded picture of the steady-
state at operating points (2) and 3 is provided, where the
corresponding waveforms of grid current and dc-side voltages
can be seen. In the expanded figures, the expected grid current
waveform can be observed, i.e., a sinusoidal form. Besides, the
dc-side voltages also behave as expected, namely, increasing
the magnitude of the twice-fundamental-frequency oscillation
in SM1 in @ when the capacitance C; decreases by 150 uF.

In all the cases, the average dc-side voltages are balanced to
the reference value of < vj, >. This shows that the control
block is working correctly, and consequently, the switching
signals Sj, that are required to obtain the dc-side currents g,
behave as expected.

IV. CONCLUSION

This letter has analysed an online approach for capacitor
condition monitoring that takes into account the inherent
twice-fundamental-frequency capacitor voltage and current
oscillations in LC-StatComs, thus avoiding drawbacks of high-
frequency methods. The approach does not use any additional
hardware for sensing the capacitor current. Instead, it uses
available steady-state quantities from standard control stages.
This involves accounting for the antialiasing filter and ADC
delays, which are in the capacitor impedance frequency range
for a healthy capacitor. The approach effectively allows the
capacitor monitoring in LC-StatComs since the experimental
results show an almost noiseless capacitance and ESR value
estimation signals.
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