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Abstract

Electrolytic capacitors form a major part of most power electronic converters. System failures
which can be directly attributed to electrolytic capacitors account for a particularly large
proportion. In normal service, rather than failing instantly, capacitors tend to deteriorate
through reduced capacitance and increased equivalent series resistance. Early detection of
these changes permits mitigating action to be taken prior to failure. In this paper, a method of
characterising these parameters using a pseudorandom binary sequence (PRBS) system
identification approach is proposed as part of the development of a prognostic system for
passive components in power electronic systems.

1. Ageing and failure of capacitors

Capacitors are an important component in most power converters and drives and therefore
their reliability has a considerable influence on the overall system reliability. The failure of
electrolytic capacitors accounts for a greater proportion of total failures than any other
component in a power converter [1]. An accurate and easy-to-implement method of
determining the state of health of a capacitor is of value as it allows the dynamic loading on a
failing capacitor to be reduced, extending its remaining lifetime. Alternatively, preventative
maintenance can be performed prior to failure, for example, through replacing aged
capacitors. The system we propose requires a method of characterising the real-time
capacitance and equivalent series resistance (ESR) of a capacitor, allowing its state of health
to be determined. In this paper, we propose a pseudorandom binary sequence (PRBS)
based system which can be used to identify the critical ageing parameters of an electrolytic
capacitor which could be used to estimate their state of health.

An electrolytic capacitor has two failure states: open- or short-circuit. Before reaching one of
these states, its performance will deteriorate. This deterioration is manifested as a reduction
in capacitance and an increase in ESR. The mechanisms which drive both of these changes
are the loss of electrolyte through evaporation [2] and chemical changes within the
electrolyte [3]. A standard approach is to assume that that a capacitor should be considered
‘failed’ for practical purposes if the capacitance has fallen by 15 - 20 % from its value when
new, or when its ESR has increased by 200 — 300% [3].

To develop an understanding of the ageing process and the trends involved, sample
capacitors were placed into an environment chamber and aged at 115 °C. During this time
the ESR and capacitance were calculated from an impedance measurement at 1 kHz. The
results of this work can be observed in Fig. 1 where the measured data has been
extrapolated to determine the likely progression of the capacitor parameters. The results are
normalised to the values measured when new and the failure criteria for the capacitance and
ESR value are shown.
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(a) (b)
Fig. 1 — Experimental ageing values for capacitor measured at 115 °C and 1 kHz. (a) ESR values; (b)
capacitance values

The rate of ageing for a capacitor is proportional to the operating temperature [2] and the
heat generation within an electrolytic capacitor is related to the power losses within it. The
power loss can be calculated using (1) [4], where P is the power dissipated within the
capacitor; Ir is the RMS ripple current and ESR is the equivalent series resistance of the
capacitor at the ripple frequency.

P = IR%ESR (1)
Consequently, as the capacitor ages the power losses within it increase due to the increase
in ESR. This leads to an increased operating temperature within the capacitor, further
expediting the ageing. A useful prognostic system would detect the rise in ESR and
therefore reduce the magnitude of the ripple current counteracting the increase in P by
reducing /r.
The ESR and capacitance are temperature-dependent. The temperature dependency of
these values, measured at 1 kHz, can be seen in Fig. 2. It is important that any system
designed to predict the age of a capacitor possesses some method of accounting for the
temperature dependency. From Fig. 2(a) the optimum ESR is approximately 80 °C.
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Fig. 2 — Temperature dependency of capacitor properties (measured at 1 kHz). (a) ESR with respect
to temperature; (b) capacitance with respect to temperature

ISBN 978-3-8007-4186-1 1096 © VDE VERLAG GMBH - Berlin - Offenbach



PCIM Europe 2016, 10 — 12 May 2016, Nuremberg, Germany

2. Pseudorandom binary sequences (PRBS)

2.1. PRBS-based parameter estimation

PRBS signals can be used to excite a system with band-limited white noise. By measuring
the system response, its impedance spectrum can be calculated. Similar approaches have
been used for a variety of different applications including the thermal characterisation of
systems [5]; parameter estimation in electrical generators [6] and the modelling of batteries
[7]. Using this technique it is possible to determine the impedance of a system over a pre-
selected range of frequencies using a single test sequence.

An advantage of using PRBS techniques is that they are amenable to ‘on-line’
measurements, aiding the implementation of this prognostics into a functional drive system.

2.2. PRBS generation

A maximum length sequence PRBS can be generated using linear feedback shift registers.
The sequence length (N) and clock rate (f;) of a PRBS sequence are determined by the
desired bandwidth and frequency limits of the measurements. A longer sequence length will
increase the usable bandwidth of the signal, but will also take an increased length of time to
complete. The clock rate of the system determines the bandwidth covered. By way of
example, a 4-bit PRBS generator is illustrated in Fig. 3(a), with its corresponding PRBS
signal (generated with a 1 Hz clock frequency) shown in Fig. 3(b). It is possible to determine
the bandwidth of a PRBS system by using (2) and (3) [5]; where n is the bit length of the shift
register and BW is the bandwidth (with f; being the minimum frequency and f, being the
maximum). In the example shown here n = 4, therefore N = 15 and the bandwidth of the
system is 0.368 Hz (f; = 0.067 Hz, f, = 0.435 Hz).
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Fig. 3 — (a) Example 4-bit PRBS generator constructed using shift registers; (b) Example 4 bit PRBS
sequence

Signal
o

N=2"-1 (2)
BW = f, - f1, f1=%, fz=;fc3 (3)

2.3. Use of PRBS to detect capacitor deterioration

To obtain the impedance spectrum of a capacitor, a bipolar current waveform in the form of a
PRBS will be applied and the resulting voltage waveform on the capacitor terminals
measured. The impedance spectrum is generated by taking the quotient of the Fourier
transforms of the voltage and current. The whole process is summarised in Fig. 4
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Fig. 4 — Schematic of data processing steps to obtain component impedance from PRBS data

A Simulink model of the PRBS capacitor tester using the configuration shown in Fig. 5 was
used to validate the measurements obtained using PRBS. Here the voltage across the
capacitor is denoted as v, and the current is calculated from the voltage across a current
sense resistor R;.
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Fig. 5 - Schematic of test procedure

Simulation results are shown in Fig. 6 and were obtained from the Simulink model which
employed a 10-bit PRBS sequence and a clock frequency of 100 kHz. For the purpose of
comparison, theoretical impedances, obtained using (4), are also included in the figure. The
results obtained by using PRBS are in close agreement with the theoretical values. Here the
values selected for the ‘New’ capacitor are those measured for the capacitor which will be
used later in the paper to test the practical system and the ‘aged’ values are obtained by
multiplying the ‘New’ capacitance value by 0.8 and the ESR by 2, mimicking the failure
criteria discussed previously. This is done to illustrate the fact that the changes in these
parameters during ageing are measurable using this technique.
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Fig. 6 - Simulated frequency spectrum for capacitor excited by 10-bit PRBS signal for aged and new
capacitors compared to theoretical impedances
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Clearly the new and aged capacitors have a significant difference in impedance and so the
impedance could be used to identify the failure of a capacitor. The complex impedance is
obtained using this technique and therefore it is possible extract the resistive and reactive
values and determine the ESR and capacitance values. This this technique will be
demonstrated later in this paper, when the experimental results are considered.

3. Practical implementation of system

In the development of a practical system in order for a PRBS system to be effective there are
three factors which must be considered. These are:

¢ the PRBS clock frequency;

o the PRBS bit length;

e the magnitude of the driving current.
These parameters are interconnected and depend on the frequency range of interest. As 1, is
determined solely by the clock frequency, the clock frequency should be selected so as to
satisfy the upper bandwidth requirements of the system. Once this upper frequency has been
set, the number of bits within the PRBS sequence can be selected to determine lower
bandwidth frequency of the system.
Excitation current level within a practical system is determined by a trade-off between two
parameters:

e The maximum voltage the current source can provide
¢ The minimum voltage the analogue-to-digital converter (ADC) can resolve.

It should also be noted that the capacitor voltage will vary proportionally to the magnitude of
the current used, meaning that the signal to noise ratio of the measurements will be smaller
for a smaller excitation current.
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A block diagram of the PRBS capacitor characterisation system is illustrated in Fig. 7. This
system is based around a dsPIC33 microcontroller. This chip incorporates 4 sample-and-hold
buffers and a 10-bit ADC. The availability of multiple sample-and-hold buffers is particularly
useful for this application as it allows the two voltage signals to be sampled simultaneously
thereby removing any ambiguities associate with time delays and phasing of signals. A 10-bit
PRBS is generated using a discrete linear-feedback shift register (LFSR) driven by a clock
generated by the dsPIC (f, = 20 kHz). The current source provides a PRBS signal amplitude
of +/- 1A. The dsPIC ADC is designed to operate with inputs within its power supply rails (O -
3.3 V). The current source is operated from a +/- 10 V supply however. To ensure that that
the ADC is not damaged by excessive voltage a signal conditioning circuit scales the voltage

ADC

Fig. 7 — Block diagram of system implementation
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appearing across the device under test, in response to the PRBS current signal, to 0 — 3.3 V.
The ADC data is sent via RS232 to a PC where the data is processed to obtain the capacitor
impedance.

4. Experimental results

To evaluate the performance of the PRBS system described previously a 1000 uF capacitor
manufactured by Forever was selected as a test device. The capacitance of the test
capacitor was measured using an LCR meter at 1 kHz. C = 1062 yF and ESR =40 mQ. The
impedance plot obtained from PRBS testing this capacitor is shown in Fig. 8. The impedance
shows a good correlation to the simulation results. Fig. 9 shows plots of the ESR and
capacitance obtained by considering the real and imaginary components of the impedance
using (5) and (6).
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Fig. 8 — Experimentally obtained impedance of a 1062 yF capacitor with an ESR of 40 mQ compared
to new simulated results and aged simulated results measured at 25 °C

ESR = R(Z) ()
__ (6)
€= 21f I(2)

The PRBS results show reasonable agreement with the ‘New’ capacitor simulation results
with the following exceptions. Firstly, the experimentally obtained ESR values shown here
are higher than the predicted values for the capacitor at frequencies below 500 Hz. In
simulation the ESR is assumed constant with no frequency dependence; this is not the case,
especially at lower frequencies. Secondly, the capacitance data is noisy at frequencies
above 2 kHz, meaning that distinguishing between a new and aged capacitor is difficult. The
increase in noise is due to reactance becoming smaller as frequency increases, resulting in a
falling signal to noise ratio with increasing frequency. Considering both the ESR and
capacitance together, the most suitable frequency at which both parameters can be
determined is approximately 1 kHz. If the system were to be used to characterise capacitors
of different values the optimum frequency will vary. This highlights the importance of tuning
the PRBS system parameters to ensure that it is possible to suitably measure the capacitor
under test over its entire ageing range.
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— — — Aged, C =850 ;F R =80 mQ2 (PRBS Simulated)
New, C = 1062 pF R =40 mQ (PRBS Simulated)
New, C = 1062 pF R =40 mQ2 (PRBS Measured)

%1073

0.1 T 1.5

0.08

ESR

o

e
J =
<§h
Capacitance (F)

0.02

102 108 104 102 103 104
Frequency (Hz) Frequency (Hz)
(a) (b)
Fig. 9 — ESR and capacitance values extracted from impedance results. (a) ESR against frequency;
(b) Capacitance against frequency

5. Conclusions

This paper proposed a PRBS-based method to measure the equivalent series resistance and
bulk capacitance of electrolytic capacitors for state-of-health prediction. The PRBS technique
generates impedance data over a range of frequencies from which the ESR and bulk
capacitance are generated. The technique has been demonstrated in simulation and for
practical devices, with both exhibiting good correlation with direct measurement of the
parameters.

The influence of capacitor temperature on the ESR and capacitance was also highlighted,
stressing the importance of any system which determines capacitor age to account for
measurement temperature. By comparing up-to-date ESR and bulk capacitance at a given
temperature to nominal values, it is possible to determine the age of the capacitor. Therefore
its remaining useful life can be estimated.
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