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Abstract

Electrolytic capacitors continue to be used for the DC-link in motor drive systems due to their high specific capacitance. The
degradation of electrolytic capacitors can lead to increased equivalent series resistances (ESR) and reduction in capacitance.
This can impair the drive behaviour (e.g., reducing the ability of the motor-drive to maintain a steady voltage and thereby
maintain steady speed set-points), but will also lead to additional heating and a further cycle of degradation until failure occurs.
On-line condition monitoring is useful to understand and predict failure, and can potentially be embedded into a more holistic
condition monitoring regime through, for example, the Internet of Things (10T). It is possible to measure and track currents and
voltages through the DC-link and estimate in real-time the corresponding capacitor impedances. The method proposed in this
paper will estimate the impedance in a frequency related domain to ensure that the proposed approach is robust to changes in
operating conditions — load variation, ambient temperature, drive temperature — and also allow the impedance to be estimated
over a wide frequency range. Therefore, different transform methods have been investigated: the Fast Fourier Transform (FFT);
the Short-Term Fourier Transform (STFT); and the Continous Wavelet Transform (CWT), making use of two different mother
wavelets (complex and bump). It was found that the CWT provided optimal results with fine granularity in time, although

selection of a mother wavelet may lead to loss of salient information.

1 Introduction

Aluminium electrolytic capacitors are commonly used, and are
commercially available in cylindrical can form. Commercially
produced capacitors are not ideal components, which is to say
that the exact value of capacitance varies by batch and by
production process, and there is inductance and resistance in
each component. These parasitic inductances and resistances
are referred to as “Equivalent Series” values.

An issue with these components is degradation over the
lifetime of the component. In the case of aluminium
electrolytic capacitors, aging of the capacitor causes an
increase in the ESR and a variation in the effective capacitance
of the component [1]. Depending on the load cycle imposed
upon the component as well as the operating environment and
circuit application, degradation of the capacitor may not ever
become apparent. However, in safety and time critical
situations, such as factories employing motor-drives for
production purposes, it may be necessary to know when ESR
has reached an unacceptable level in order to predicate a
maintenance check-up of the motor-drive.

For example, making use of datasheet values and multipliers
[2] [3], it is sometimes possible to produce nominal estimates
of ESR of a capacitor, assuming specific operating
temperatures and ripple currents. However, this is nominal
estimate is only suitable as a rule of thumb, as it does not take
into account the effect of degradation which accrues as a
capacitor ages. It is therefore necessary to provide an estimate

of ESR based upon actual capacitor behaviour, instead of an
estimate based upon nominal behaviour. Estimates may be
found through reading in and using frequency transforms on
electrical currents and voltages.

Much work is present in the literature on the issue of estimates
and evaluation of the health of an electrolytic capacitor. For
example, changes in capacitance and ESR may be observed
through the use of scaning electron-microscopy, looking at
changes in the foil and oxide layers within capacitor cans [4].
However, this is a destructive method, and it is often better to
know the status of health of a capacitor in operation. In
addition, analyses based on explicit knowledge of the
electrolyte are difficult due to the dearth of information on
types of electrolyte used in capacitors [5][6]. There exist on-
line methods of estimating capacitor health in literature, which
include proposals which may require extra circuitry to be
included in an existing converter [7]; may be application
specific and require knowledge of transistor switching states
and timings [8]; may require trial and error to find optimal
tuning factors [9]; or may simply only work during turn-on and
turn-off of power to a power converter, which may not be
suitable depending on application [10]. This paper shall look
at using mathematical transforms in order to extract
information on the state of DC-link capacitors.

2 Choice of Transforms

The Fast Fourier Transform (FFT) was initially chosen for this
work in order to inspect the frequency response of a motor-



drive DC-Link across a chosen frequency range of [300Hz,
1800Hz]. The FFT is subject to choice of window and window
length, where a higher resolution spectrogram may be obtained
through a longer sampling period [11]. The implication is that
the FFT may produce a coarser resolution output where the
sampling period is small. This situation may matter in cases
where motor-drive output transients occur quickly and the
sampling period is long enough that it includes the transient
and produces an erroneous output calculation.

The Discrete Fourier Transform, from which the FFT is
derived and implemented, is described in (1):
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In order to have gain a better snapshot of very rapid transients,
the Short Term Fourier Transform (STFT) was employed. The
frequency resolution of the output of the STFT is dependent
on window length as well as choice of the window function
[12], where a well-chosen window length may provide a
wealth of information about the frequencies of interest in a
given time-window. However, the implication then is that an
optimal window length would need to be decided, where the
chosen window would have to be able to deal with electrical
signals that may vary massively depending on the motor load
torque profile. It is understood that the STFT may be beneficial
for cases where monitoring of steady-state signals may not
provide enough information about intermittent lower-
amplitude, higher frequency signals, where such signals may
be indicative of deviation from long-term steady-state
behaviour, i.e. degradation.

The discrete STFT is described in (2):
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Both the FFT and STFT are referred to as frequency
transforms, where each transform is provided with time-
varying data; a snapshot of the data is taken and analysis is
performed; and a frequency-vs-amplitude response is returned,
where frequency is the independent variable and amplitude is
the dependent variable. Related to frequency transforms are
time-frequency transforms, where the response is in the form
of time-vs-frequency-vs-amplitude responses: in this case,
time is the independent variable, and frequency and amplitude
the dependent variables — i.e. that changes in amplitude and
frequency may be observed with change in time, as opposed to
the FFT, where one output result is the nominally the same for
all moments of time in the input signal. An example of a time-
frequency transform is the Continuous Wavelet Transform
(CWT) [13], which finds itself suited to motor-drive
applications where variation is to be expected in electrical
signals due to change in the mechanical load torque profile, i.e.

where steady-state behaviour in the electrical signals is
periodically irregular.

Wavelet transforms rely upon choice of mother wavelets,
which are mathematical functions that are used to split the
input signal into smaller signals of different frequencies and
amplitudes [14]. The choice of mother wavelet is a restriction
in a similar vein to the window of the STFT, where an
improperly chosen mother wavelet may lead to imprecise
output from the transform, which would then affect analysis
and decision-making further down the stream. Furthermore,
there are any number of ways to express a mother wavelet
mathematically, causing more issues in choosing an exact
mother wavelet. However, it is fortuitous that there are a
number of predefined mother wavelets in the literature from
which to choose, due in part to the popularity of the wavelet
transform for frequency analysis [15]. These mother wavelets
are available in pre-written library forms in different languages
and for different platforms, such as Python or MATLAB [16]
[17].

The general CWT is described in (3), where s is scale and p is
position:

w(s,p) = [~ f©)- o(s,p,t)-dt (3)

(3) states that the output response of the CWT is the sum over
time of the input signal scaled and shifted versions of the
mother wavelet. The presence of a shift implies that the mother
wavelet must have a centre frequency and room within which
to shift, i.e. a bandwidth. Similarly, the presence of a scaling
factor implies that the mother wavelet must change in size at
different frequencies, increasing or decreasing as the
frequency changes compared to the centre frequency.

For example, the frequency responses of specific frequencies
were found using the complex Morlet wavelet through the
implementation of (4), where f,. is the cut-off frequency of
choice for the mother wavelet — in this case, 2Hz; f is the
sampling frequency — in this case, 1IMHz; and a is the scaling
factor used to find the frequency f of interest. The bandwidth
of the mother wavelet was chosen to be 10Hz in this case.
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After some preliminary testing with different wavelets and
simple test-cases using the MATLAB platform, two specific
mother wavelets were chosen: the complex Morlet wavelet
[18] and the bump wavelet [19]. The complex Morlet wavelet
was well received in literature for impedance estimation, and
the bump wavelet was a mother wavelet from a pre-written
toolbox which was used to compare performance against the
complex Morlet wavelet.

For the choice of type of window, a Blackman window was
found to suffice; there was no noticeable difference that was



observed between uses of Blackman or Hamming windows in
this work.

3 Simulation of Electrical Models

A simple approach when taken when looking for an estimate
of the ESR through capturing and processing electrical signals:
voltage across and current through a capacitor was recorded,
and a measure of the ESR was extracted.

To begin, the model of a capacitor was specified as shown in
Fig. 1. This model involved a capacitor being held in parallel
with a very large leakage resistance, and in series with an ESR.
The equivalent series inductance (ESL) was neglected as the
effective ESL impedance would be very small in the frequency
range of interest, assuming an ESL in the low nano-Henries.

Equivalent Series
Resistance, ESR

(low)
Capacitance, C + Leakage
(nominal) Resistance
(very high)

Fig. 1 — Capacitor model

Next, the outline of a typical motor-drive was designed and
simulated using the PLECS power electronics simulation
package [20]. The circuit simulation is shown in Fig. 2. This
motor-drive was designed to be powered by a 415V, 50Hz, 3ph
source with a very small mains impedance and a very small
cable impedance; PWM frequency was chosen to be 4kHz.
High-frequency bypass capacitors were placed in parallel with
a network of DC-link capacitors and bleed resistors, where the
resistors were included to speed up capacitor discharge upon
the removal of a power supply. The high-frequency bypass
capacitors were low enough in capacitance to not overly affect
the nominal capacitances of the DC-link capacitors. Values are
listed in Table 1.

Table 1 — Simulated circuit values

Parameter Value Parameter Value
R6 10u R19 330k
L4 10p c4 2700
Cc10 100n C5 270u
Cl1 22n R1 ESR
C12 22n R7 100k
R16 330k R11 ESR
R17 330k R12 100k
R18 330k

The output of the drive was connected to a 2.2kW induction
motor with a controllable load torque profile, where the
induction motor was vector-controlled. An RC low-pass filter
of 10kHz was included in the simulation in order to filter
recorded data, and a zero-order hold of 10us was used for
sampling in order to mitigate the effect of aliasing [21].

The motor load torque profile was varied to provide a 2Hz
periodic load to the motor. The values of the capacitors C4 and
C5 in Fig. 2 were each held at 270uF for a total capacitance of
135uF, and simulations were run in the cases where R1 was
equivalent to R11, where both were set at values of 0.5*[1m(Q,
10mQ, 100mQ, 500mL, 1Q]. The motor load torque profile
was varied between no load and rated load: five sets of
recordings were made of voltage across and current through
the DC-link capacitors. The periodic signal is shown in Fig. 3.
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Fig. 3 — Load torque input

Voltage and current were filtered and sampled at 1MHz and
saved to a data file over the duration of one second when the
load torque was changing, as shown in Fig. 3.

The MATLAB platform was used to import and process data
in order to find the DC-link impedances for each of the five
simulations, all of which were subject to a varied mechanical
load. Making use of known frequency transform relations, the
input voltage and current data were used to find impedance as
shown in (5), where F represents each of the three different
transforms considered [22].
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Scripts were written to import one second of data from the
PLECS simulation and perform calculations upon the data. For
each value of ESR, the different transforms were used to
provide estimates of capacitance and ESR at the frequencies of
[300Hz, 600Hz, 900Hz, 1200Hz, 1500Hz, 1800Hz].

Regression analysis was then used to find influential outliers
through measuring abnormally large Cook’s distances, where
frequencies associated with abnormally large Cook’s distances
were neglected in the next step [23]. Cook’s distances can be
used to detect values in a set of data that are dissimilar to the
other values, and are useful when attempting to perform a
regression analysis on data that has data-points that are not
representative of the entire data as a whole: in this case, it is
assumed that abnormal values would show up in estimates due
to measurement noise and quantisation issues [21], which was
considered to be an acceptable assumption.

A mean was taken of the resultant values in order to provide a
mean wideband estimate. Across a range of values of ESR, the
results of the estimation schemes are shown in Fig. 4, and Fig.
5 shows the absolute percentages of error associated with the
estimates.

In the case of estimation of capacitance where the output motor
was subject to a varied mechanical load torque profile, it was
found that the FFT and STFT produced estimates that were
very close to the true value of capacitance, with a very low
absolute error between set and estimated values. This was also
the case for the bump wavelet, which had been chosen as a test
wavelet against which to compare the complex Morlet
wavelet. In fact, it was found that the complex Morlet wavelet
produced estimates which increased in error as the ESR
increased, as opposed to the other transforms which
demonstrated a convergence in estimate as ESR increased.
This divergence may be explained by the fact that the complex
Morlet was found to suffer from a phase-shift issue, where the
presence of an increasing real component in impedance causes
a pronounced error during estimation.

In the case of the estimation of ESR where the output motor
was subject to a varied mechanical load torque profile, it was
found that the four transforms listed quickly converged to the
true value of ESR as ESR increased, but STFT gave the most
accurate results, within a 10% error band. It was noted that the
bump wavelet and the FFT had comparable results, and the
complex Morlet wavelet converged slowly to the true value of
ESR. It is interesting to note that the complex Morlet wavelet
diverged in its estimate of capacitance as ESR increased, but
converged in its estimate of ESR as ESR increased. This
follows on from the assumption of a phase-shift issue during
estimation, where a real element would dominate the
imaginary element of the impedance, and estimation would be
skewed towards the real element as the ESR increases.
Investigation of this phase-shift issue has not yet been
conclusive.

Overall, it was understood that the complex Morlet wavelet
was generally unsuitable for a DC-link impedance estimation
scheme compared to the other three transforms, judging by
simulation observations. Additionally, the STFT was
discounted due to the issues involved in deciding an optimal
window length that may suit multiple real-world applications,
where transients may be unpredictable. Choosing between the
FFT and bump wavelet, both are understood to be suitable for
estimation of capacitance and ESR, but it is probable that
having knowledge of estimated capacitance and ESR variation
with finer granularity in time may be useful for diagnostic and
maintenance purposes, and therefore the bump wavelet may be
chosen as the optimal in this situation for monitoring the
condition of a DC-link.
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Fig. 5 — Capacitance estimation results
4  Thermal Issues

As noted in [5], a well tested thermal model may help verify
estimates of ESR found through use of an estimation scheme
based on electrical signals.

The capacitor can may be considered as a thermal network, as
shown in Fig. 6, where the capacitor case is represented as a



first-order RC network [24]. The internal hotspot of the
capacitor, which may be considered as the central capacitor
core, would be losing power in the form of heat due to
imperfections in the manufacturing process, as well as due to
the presence of resistive elements internal to the device. This
power loss would bleed from the capacitor core to the
capacitor case, and thereafter to the ambient environment.
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Fig. 6 — First-order thermal model

(6) may be used to explain Fig. 6:

-t
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Depending on the information provided by manufacturers, it
may be possible to build thermal models as a starting point of
understanding thermal behaviour of capacitor cans. To
demonstrate, consider the values in Table 2.

Table 2 — Operating conditions

Vdc Irms Frequency Thermal ESR at

V) (A) (H2) Resistance 300Hz,
(coreto  60°C
can) (mQ)
(K/W)

10 0.44 300 1.3 120

Assuming a capacitor is held at 10VDC and has a 300Hz
0.44Arms ripple current injected into it, at fixed ambient
conditions, temperatures associated with the body of the
capacitor can will be higher than the surrounding ambient
environment. In this case, the manufacturer states that the
thermal resistance between the core and the can has a value of
1.3K/W.

Assuming the current and ambient temperature are held
constant, and that the can and core temperatures listed are at
steady state, it is possible to extract a few variables of interest
from this set of data.

Given a known power loss and a fixed ripple current, (7) may
be used directly to find a resistance analogous to the ESR of
the capacitor:

Ploss (7)

Ripss = I 7
ripple

This output value may be used to compare against the
estimated ESR found through the use of the transforms
discussed above. However, this method relies upon a

knowledge of the power loss value associated with the
capacitor.

One straightforward method of estimating the power loss value
would be to subject the capacitor to steps in temperature
through the use of a heating chamber. The capacitor would be
required to have thermocouples placed around the exterior, and
recordings of temperature would be taken from the moment of
step in temperature from a lower to a higher value. Through
analysis of the temperature rise curves; through comparisons
of expected ESR vs estimated power loss, for calibration
purposes; or through batch testing of heating capacitors, it may
be possible to extract a good estimate of power loss for a given
capacitor, so as to better inform the estimate of ESR provided
by electrical-based estimation.

Making use of TDK B43547 capacitors produced with Type-
K thermocouples embedded within the can, it was possible to
produce an estimate of ESR based upon temperature. Table 3
shows results based upon three such capacitors used.

Table 3 — Estimated ESR and errors

Capacitor Estimated Absolute
ESR Error
() (%)
1 0.149 29
2 0.149 29
3 0.020 100

It was understood that estimation error was introduced due to
making use of an imperfect heating chamber, where the lossy
chamber allowed heat to leak easily, leading to inaccuracy in
measuring and maintaining the ambient temperature, and - by
extension — the temperature of the can. In the case of the third
capacitor, the test was repeated twice in the exact conditions
of the first two capacitors, but the error was consistently high:
it is understood that this may be due to the internal placement
and position of the thermocouple, where the third can would
have had enough of a slight difference compared to the first
two capacitors that the measured internal temperature would
then drastically affect any calculations based upon (6).

5 Conclusion

Three types of frequency transforms were compared and
evaluated for the purpose of estimating DC-link capacitance
and ESR in a simulated motor-drive, based on electrical
waveforms. The CWT was found to be optimal for observing
changes in estimate of capacitance and ESR with finer
granularity in time, which would be desirable for observing
changes in time for product health-management and
maintenance reasons. Thermal issues were also noted, where
estimation based on electrical signals may be compared with
estimation based on thermal signals for verification purposes;
problems were observed about the issue of estimating power
loss in thermal models, where power loss varies with operating
conditions. Further work must be undertaken to analyse the
identified thermal issue.
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