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In the power supply of urban rail transit system, electrolytic capacitors are used in large numbers.They suffer from inevitable ripple
currents; such ripple currents generate heat dissipation, which shortens their service life seriously. To increase the reliability of
the whole power supply system, the aging process of electrolytic capacitors must be evaluated, so that their service life could be
predicted and measures could be taken in advance before their failures. When they are applied into the power supply system, the
accuracy of conventional approaches is somewhat lowered, owing to the existence of unpredictable ripple current and ambient
temperature variations. In this paper, we build an analytical ripple model to offer online aging monitoring of electrolytic capacitors.
After that, a GM(2, 1)model is adopted to predict service life with higher accuracy than conventional approaches.

1. Introduction

In the power supply of urban rail transit, the application of 4-
quadrant PWMconverter (4QC) converts the braking energy
from trains into the AC grid [1, 2]. As is shown in Figure 1,
capacitors are settled across the DC bus of 4QC to stabilize
voltage. Conventional electrolytic capacitor is still massively
chosen, because it shows larger capacitance in the same
volume and it costs much less when it is compared with novel
film capacitor. However, such electrolytic capacitor is fragile
to external factors (ripple current, ambient temperature, etc.)
[3], and its service life fluctuates seriously along with the
variation of these external factors.

The power supply of urban rail transit consists of many
electrical components, and the breaking of any single one
of them would affect the whole system. The requirement for
electrical component reliability in urban rail transit is much
higher compared to most other power-electrical systems.
Typically, an electrical component in urban rail transit is
expected not to be broken in 30 years, which is scarcely
possible in the case of electrolytic capacitor [4–6]. Electrolytic
capacitors have made themselves the weak link of the whole
system. In order to maintain or change electrolytic capacitors
before they are broken, the online life prediction of them

is indispensable [7]. Before life prediction, capacitor state
should be evaluated in the first place, the result from which
illustrates the current aging level of capacitor. The service life
could be predicted after that, considering both the history
variation trend and the current value of damage level.

Several literatures have done certain work in the aspect
of electrolytic capacitor state evaluation, such as those ideas
summarized in [8]. Reference [8] also states the shortcomings
of the former references. What is more, in [9], ESR (Equiv-
alent Serial Resistance) is derived based on the electrolyte
volume that is left inside a capacitor. The decreasing rate of
electrolyte is calculated with iteration, considering the affects
from temperature rise, from structural layout of the capacitor,
from vapor pressure inside the capacitor, and so forth. During
the iteration, several coefficients are needed, which are fitted
with data from different independent experiments.The prob-
lem lies in that the mutual coupling relationship among these
coefficients is not taken into consideration in every specific
experiment. What is more, average capacitor temperature is
calculated to get the temperature rise, while core temperature
should be considered here instead. The proposed approach
is effective only in steady operating state of capacitor perfor-
mance and could not be applied into dynamic operating state
where the ripple current or ambient temperature changes
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Figure 1: Power supply system in urban rail transit equipped with
bidirectional 4-quadrant PWM converters.

inevitably; in [10], ESR is derived with dividing the voltage
ripple that exists across capacitor by the ripple current that
flows through the capacitor. In actual field application, the
detection of ripple current is very difficult, and the additional
current sensor could not be settled easily, which is necessary
to detect ripple current. The settling difficulty originates
mainly from the application of low-inductance bus bar,
especially in high-voltage and high-power occasions; in [11],
ESR is derived by a procedure which is similar to [9], and
the change of ESR is also calculated by iteration to improve
the accuracy. However, the effect from ambient temperature
is not clearly taken into consideration during the iteration;
hence its accuracy varies along with ambient temperature.
What is more, the iteration with nonelectrical quantities
somehow limits the accuracy, becausemost of them could not
be detected easily online; other proposed approaches require
additional signals [12] or circuit layouts [13, 14], and these
approaches have found themselves in trouble, when they are
applied into high-voltage and high-power electrical systems.
Recently, artificial neutral network has been adopted into
conditionmonitoring of electrolytic capacitors [15]. However,
the training samples are hard to be derived in the case of
power supply of urban rain transit, because of the random-
ness of the passenger flow. An ANN is liable to fall into local
minimum, which also puts such procedure in dilemma. The
method of Adaptive Neurofuzzy Inference System (ANFIS)
algorithm shows similar problem [16]. Other approaches
require high data processing capability of the system [17, 18],
which makes them impossible to be embedded into existing
control system of a 4QC. This means more cost and extra
maintenance procedures of the additional processing board
for condition monitoring.

Moreover, the approaches that have been proposed before
aim mainly at judging whether the capacitor is sound or not,
instead of judging how much longer it could be used. Such
problem limits their application effects in the first place, since
that service life prediction is the destiny of state evaluation.
More work should be done.

As a matter of fact, the ripple current and the ripple vol-
tage across an electrolytic capacitor are unpredictable; they
vary with external working conditions and can only be obser-
ved. However, the ESR or capacitance shift, which is calcu-
lated according to such observation, could reflect the present
degrading situation of the capacitor. Then the changing
characteristic of history degrading situation could be used as
reference in the prediction procedure.

This paper offers a novel approach to the service life
prediction of electrolytic capacitor. Likewise, the prediction is
carried out based on state evaluation results. During the state
evaluation, a novel iterative ripple model is chosen and car-
ried out with detectable electrical quantities.The detection of
such quantities calls for no additional sensors, because these
quantities are also used by the existing control system of our
4QC for performance control. Under fluctuating device oper-
ating conditions and ambient temperatures, such iteration
algorithm offers relatively higher accuracy and could be
applied to high-voltage and high-power electrical systems
while no additional signals ormain circuit layouts are needed.
The prediction process is carried out with a GM(2, 1) grey
model, which shows better accuracy in the presence of
uncertainty and external variations. In the following part, the
proposed approach will be explained thoroughly.

2. The Degrading Signatures of
Electrolytic Capacitor

In the power supply of urban rain transit, the outgoing or
incoming periodical DC current load of 4QC comes from a
train of traction or braking, respectively. At the same time, the
4QC also sustains unpredictable DC current load because of
the sudden change of external conditions (AC grid voltage
variation, fan failure, etc.). Both the predictable periodical
and the unpredictable occasional DC current load generate
ripple currents in the DC side capacitors inevitably. Ripple
currents would generate heat under the existence of ESR in
the capacitor, and the heat leads to predictable periodical
electrolyte loss or unpredictable occasional electrolyte loss.
Electrolyte loss means fatigue, so damage accumulates simul-
taneously inside the electrolytic capacitor alongwith the 4QC
operation.

Given that there are 𝑁 paralleled capacitor branches
across theDC side of a 4QC [1, 2], the ripple current that flows
through each capacitor branch is given in [19]

𝐼rip = √3 ⋅ 𝑢ac ⋅ 𝐼𝑎/𝑈dc𝑁 . (1)

In (1), 𝐼rip is the RMS (Root-Mean-Square) value of ripple
current flowing through the 4QC capacitor branch, 𝑢ac is the
RMS value of 4QC AC voltage input, 𝐼𝑎 is the RMS value of
AC current input, and𝑈dc is themean value of theDC voltage
output.

For the capacitor thatwe choose (model number is CD137,
with the capacitance of 18000 𝜇F and the rated RMS ripple
current of 47A), the ripple current rating of electrolytic capa-
citor is defined under 120Hz. Therefore, the ripple currents
under other frequencies should be converted into that. Such
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Table 1: Conversion coefficient for CD137.

Frequency 50,60 120 300 1 K ≥10 k𝐾rip 0.8 1.0 1.1 1.3 1.4

conversion could be realized according to (2), where 𝐾rip
is conversion coefficient (usually provided by the manufac-
turer). In (2), the value of 𝐾rip is given in Table 1. 𝐼rip and 𝐼rip
are the ripple current before and after conversion:𝐼rip = 𝐾rip ⋅ 𝐼rip. (2)𝐼rip and ESR generate heat inside the capacitor, and such heat
results in core temperature rise Δ𝑇, as is given inΔ𝑇 = (𝐼rip)2 ⋅ ESR ⋅ 𝑅thΣ. (3)

In (3), (𝐼rip)2 ⋅ESR is thermal power of the heat and𝑅thΣ is
equivalent total thermal resistance of the capacitor. It should
be known that temperature rise Δ𝑇 increases ESR, too, as is
shown in

ESR𝑇 = ESR𝑇base ⋅ 𝑒(𝑇−𝑇base)/𝐸. (4)

In (4), ESR𝑇base is the ESR under reference ambient
temperature 𝑇base (of which the average is 55∘C, in the case
of 4QC in urban rail transit), ESR𝑇 is the ESR value under
temperature 𝑇, and 𝐸 is temperature coefficient. For CD137
capacitor that we choose, a typical value of 𝐸 is 22.7 K−1.

It should be noted that the interaction between core tem-
perature and ESR is not enough to explain the whole aging
process of an electrolytic capacitor, while high temperature
itself means high degrading rate of the inner material or
dielectric of a capacitor, according to Arrhenius equation and
material characteristics [3]. However, in most cases, ESR and
capacitance act as degrading signatures, since their variations
signify the aging process of an electrolytic capacitor with
relatively more accuracy [5, 6].

It could be seen from (3) and (4) that the degrading
process inside a capacitor is “accelerated” all the time. During
the degrading process, electrolyte is lost continuously along
with the increasing of ESR. For electrolytic capacitor, the
relationship between ESR and electrolyte volume is given in

ESR𝑡,𝑇base
ESR0,𝑇base

= (𝑉0𝑉𝑡 )2 . (5)

In (5), ESR0,𝑇base and 𝑉0 are the initial value of ESR
and electrolyte volume. ESR𝑡,𝑇base and 𝑉𝑡 are the value of
ESR and electrolyte volume on certain time spot 𝑡. In most
cases, ESR𝑡,𝑇base and 𝑉𝑡 are calculated rather than detected
[9–12]. It should be noted that both ESR0,𝑇base and ESR𝑡,𝑇base
should be under the same temperature 𝑇base. However, actual
capacitor temperature 𝑇 is different from 𝑇base, and therefore
the actually detected ESR𝑡,𝑇 should be converted into 𝑇base.
The conversation could be implemented according to (4).
After that, (5) is revised to

ESR𝑡,𝑇/𝑒(𝑇−𝑇base)/𝐸
ESR0,𝑇base

= (𝑉0𝑉𝑡 )2 . (6)
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Figure 2: The experimental results from AGT (accelerated degrad-
ing test) on a CD137 electrolytic capacitor. ⬦: the data derived in
AGT. -: the fitted curve with LSM.

Equation (6) could be furtherly revised as (7), which
shows the relationship between 𝑉𝑡 and 𝑉0:

𝑉𝑡 = 𝑉0 ⋅ √ESR0,𝑇base
ESR𝑡,𝑇

⋅ 𝑒(𝑇−𝑇base)/𝐸. (7)

Meanwhile, the capacitance of electrolytic capacitor chan-
ges inversely to electrolyte volume, which is shown in

𝐶𝑡 = 𝐶0 ⋅ 𝜆1 ⋅ √ ESR𝑡,𝑇
ESR0,𝑇base

⋅ 1𝑒(𝑇−𝑇base)/𝐸 + 𝜆2. (8)

In (8), 𝐶0 is the initial capacitance, 𝐶𝑡 is the capacitance
on time spot 𝑡, and 𝜆1 and 𝜆2 are correction coefficients.
Based on (6) and (8), 𝜆1 and 𝜆2 could be obtained by means
of Least Square Method (LSM) and could be calculated with
the results from accelerated degrading test (AGT).

During AGT, an electrolytic capacitor operates under
given ripple current while its ambient temperature is
increased by external means, so that the degrading process
is shortened greatly. Under the same ripple current, every
temperature rise of 10∘Cwould shorten the test time by about
50% [11]. Figure 2 shows the data we derived from an AGT
with the CD137 capacitor. The AGT is carried out under
constant RMS ripple current of 56A and under the ambient
temperature of 85∘C. During the AGT, ESR𝑡,𝑇 (T = 85∘C) and
capacitance𝐶𝑡 of the capacitor is detected at an interval of 300
hours.TheESR%and capacitance% in Figure 2 are calculated
according to (9). In this case, 𝜆1 and 𝜆2 are calculated to be
0.954 and 0.027, respectively:

ESR% = ESR𝑡,𝑇/𝑒(𝑇−𝑇base)/𝐸
ESR0,𝑇base

,
Capacitance% = 𝐶𝑡𝐶0 .

(9)

The degrading of capacitor is a nonlinear process, and
ESR and capacitance change in similar pattern simultane-
ously. They could be taken as the degrading signatures of
electrolytic capacitor, and the online calculation of them is
the purpose of state evaluation.
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3. The Analytical Iterative Ripple
Model for State Evaluation of
Electrolytic Capacitor in 4QC

During the state evaluation of electrolytic capacitor, ESR and
capacitance are often calculated instead of being detected [9–
14]. In most cases, the calculation is carried out by means
of iteration with nonelectrical quantities, such as capacitor
temperature, vapor pressure inside, and the electrolyte left [9,
11]. However, the iteration approach that we propose in this
paper is carried out with electrical quantities instead of with
conventional nonelectrical quantities. Since these electrical
quantities are more likely to be detectable with sufficient
accuracy, the approach proposed shows some merits in
practicability.These electrical quantities we need have already
been used by the control of 4QC, so no additional transducers
are required.

4QC shows different characteristics during different ope-
rating stages [1, 2], and the ripple current that flows through
capacitor is different at the same time.Therefore, the iteration
should be carried out with different ripple models, according
to 4QC operating stage. In general, there are 2 different
operating stages of 4QC:

(i) Before a 4QC is started, the capacitors on its DC side
must be precharged. Such precharging stage elimi-
nates the current surge of capacitors, which would
exist if the 4QC is connected directly to AC grid.
During the precharging stage, the 4QCworks as a full-
bridge rectifier.

(ii) When a train in urban transit is speeding up, the 4QC
works as a rectifier, which converts the AC energy
from AC grid into DC energy and supplies it to the
train; when a train in urban transit is slowing down,
the 4QC works as an inverter, which converts the DC
energy from the train into AC energy and supplies it
to AC grid. During such rectifying or inverting stage,
the 4QC works as a current-controlled voltage source
in essence.

In the following part, the ripple models are derived
by analytical iteration with electrical currents and voltages,
which are corresponding to these two operating stages.

3.1. The Ripple Model Corresponding to Precharging Stage of
4QC. The equivalent topology of 4QC during precharging
stage is shown in Figure 3. In Figure 3, 𝑖𝑎∼𝑐 areAC grid current
inputs,𝐿 is the inductance of grid-side inductor,𝑅 is grid-side
parasitic resistance, 𝑒𝑎∼𝑐 are AC grid phase voltages, D1∼6 are
antiparallel diodes of power circuit IGBT modules, 𝐶 is the
capacitance across DC bus, 𝑖ripple is the ripple current which
flows through 𝐶, 𝑆 is the contactor between 4QC and its DC
load,𝑈dc is the voltage on DC side, 𝑖dc is the DC current load,
and 𝑅𝐿 is equivalent resistance of the DC load. The current
reference directions are represented by arrows in Figure 3.
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Figure 3: Equivalent topology of 4QC during precharging stage.

Equation (10) could be obtained, according to Kirchhoff ’s
law: 𝐶 ⋅ 𝑑𝑑𝑡 (𝑈dc − 𝑖ripple ⋅ ESR) = ∑

𝑗=𝑎∼𝑐

𝑖𝑗. (10)

It should be noted that the sum of 𝑖𝑎∼𝑐 equals zero only
when fundamental components of 𝑖𝑎∼𝑐 are considered. How-
ever, it is not zero constantly due to the existence of harmonic
components in 𝑖𝑎∼𝑐. According to (10), 𝑖ripple could be derived
from 𝑖𝑎∼𝑐 and 𝑖dc, if 𝐶 and ESR are given. After simplification
and discretization, (10) could be revised as

𝐶 ⋅ Δ𝑈dc𝑇𝑠 − ESR ⋅ 𝐶 ⋅ Δ (∑𝑗=𝑎∼𝑐 𝑖𝑗)𝑇𝑠 = ∑
𝑗=𝑎∼𝑐

𝑖𝑗. (11)

In (11), 𝑇𝑠 is the sampling interval of 1 millisecond (such
interval is also used by existing 4QC control system). Since𝑖𝑎∼𝑐 and 𝑈dc are detectable with existing transducers, (11)
shows a way to calculate capacitance and ESR by iteration,
which is given thoroughly in (12).

In (12),𝐶𝑘𝑇𝑠 and𝐶(𝑘−1)𝑇𝑠 are the capacitance on time spots𝑘𝑇𝑠 and (𝑘−1)𝑇𝑠, respectively. ESR𝑘𝑇𝑠 ,𝑇 is the ESR on 𝑘𝑇𝑠 and,
under ambient temperature 𝑇, ESR(𝑘−1)𝑇𝑠 ,𝑇 is the ESR on (𝑘 −1)𝑇𝑠 and under ambient temperature𝑇.𝑈dc(𝑘) and𝑈dc(𝑘−1)
are sampled on 𝑘𝑇𝑠 and (𝑘 − 1)𝑇𝑠, which is also the case with𝑖𝑎∼𝑐.

However, (12) is not sufficient to calculate two variables
(𝐶𝑘𝑇𝑠 and ESR𝑘𝑇𝑠 ,𝑇) at the same time. By combining (12)
with (8), the iterative solution of 𝐶𝑘𝑇𝑠 and ESR𝑘𝑇𝑠 ,𝑇 is finally
derived in (13).

3.2. The Ripple Model Corresponding to Rectifying or Inverting
Stage of 4QC. Figure 4 shows the equivalent topology of
4QC during rectifying stage.The iterative ripple model could
be derived in a similar way to precharging stage, while the
equivalent equation according to Kirchhoff ’s Law is shown in
(14).

Equation (14) could be revised as (15), and then the ripple
model corresponding to rectifying stage is given in (16). 𝑖dc
here in (14)∼(16) is the DC current load of 4QC. It should
be noted that (14)∼(16) also hold true during inverting stage,
while 𝑖dc is negative and the phases of 𝑖𝑎∼𝑐 are opposite in that
case.

The 4QC control system implements capacitor state
evaluation, by calculating ESR and 𝐶 online with (13) and
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Figure 4: Equivalent topology of rectifying 4QC.

(16). However, state evaluation of capacitor is not our final
purpose; it acts only as intermediate link to the prediction of
service life. The current values of ESR and 𝐶 should be and
could be further utilized in life prediction, together with the
historical variation trend of them:

𝐶𝑘𝑇𝑠 ⋅ 𝑈𝐶 (𝑘) − 𝑈𝐶 (𝑘 − 1)𝑇𝑠 − ESR𝑘𝑇𝑠 ,𝑇 ⋅ 𝐶𝑘𝑇𝑠
⋅ ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘) − ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘 − 1)𝑇𝑠 − ESR𝑘𝑇𝑠 ,𝑇 ⋅ 𝐶𝑘𝑇𝑠
⋅ 𝑖dc (𝑘) − 𝑖dc (𝑘 − 1)𝑇𝑠 = ∑

𝑗=𝑎∼𝑐

𝑖𝑗 (𝑘) + 𝑖dc (𝑘) ,
(12)

𝐶𝑘𝑇𝑠 = ( ∑
𝑗=𝑎∼𝑐

𝑖𝑗 (𝑘) + 𝑖dc (𝑘) + (( ∑
𝑗=𝑎∼𝑐

𝑖𝑗 (𝑘) + 𝑖dc (𝑘))2
+ 4 ⋅ 𝑈𝐶 (𝑘) − 𝑈𝐶 (𝑘 − 1)𝑇𝑠
⋅ ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘) − ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘 − 1) + 𝑖dc (𝑘) − 𝑖dc (𝑘 − 1)𝑇𝑠
⋅ 𝜆21 ⋅ 𝐶20 ⋅ (ESR(𝑘−1)𝑇s ,𝑇ESR0,𝑇base

⋅ 1𝑒(𝑇−𝑇base)/𝐸 + 𝜆2))1/2)(2
⋅ 𝑈𝐶 (𝑘) − 𝑈𝐶 (𝑘 − 1)𝑇𝑠 )−1 ,

ESR𝑘𝑇𝑠 ,𝑇 = (4𝜆21 ⋅ 𝐶20 ⋅ (ESR(𝑘−1)𝑇𝑠 ,𝑇ESR0,𝑇base
⋅ 1𝑒(𝑇−𝑇base)/𝐸 + 𝜆2)

⋅ [𝑈𝐶 (𝑘) − 𝑈𝐶 (𝑘 − 1)𝑇𝑠 ]2)( ∑
𝑗=𝑎∼𝑐

𝑖𝑗 (𝑘) + 𝑖dc (𝑘)
+ (( ∑

𝑗=𝑎∼𝑐

𝑖𝑗 (𝑘) + 𝑖dc (𝑘))2 + 4 ⋅ 𝑈𝐶 (𝑘) − 𝑈𝐶 (𝑘 − 1)𝑇𝑠

⋅ ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘) − ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘 − 1) + 𝑖dc (𝑘) − 𝑖dc (𝑘 − 1)𝑇𝑠
⋅ 𝜆21 ⋅ 𝐶20 ⋅ (ESR(𝑘−1)𝑇𝑠 ,𝑇ESR0,𝑇base

⋅ 1𝑒(𝑇−𝑇base)/𝐸 + 𝜆2))1/2)
−1 ,

(13)

𝐶 ⋅ 𝑑𝑑𝑡 (𝑈𝐶 − 𝑖ripple ⋅ ESR) = ∑
𝑗=𝑎∼𝑐

𝑖𝑗 + 𝑖dc, (14)

𝐶𝑘𝑇𝑠 ⋅ 𝑈𝐶 (𝑘) − 𝑈𝐶 (𝑘 − 1)𝑇𝑠 − ESR𝑘𝑇𝑠 ,𝑇 ⋅ 𝐶
⋅ ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘) − ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘 − 1)𝑇𝑠 − ESR𝑘𝑇𝑠 ,𝑇 ⋅ 𝐶𝑘𝑇𝑠
⋅ 𝑖dc (𝑘) − 𝑖dc (𝑘 − 1)𝑇s = ∑

𝑗=𝑎∼𝑐

𝑖𝑗 (𝑘) + 𝑖dc (𝑘) ,
(15)

𝐶𝑘𝑇𝑠 = ( ∑
𝑗=𝑎∼𝑐

𝑖𝑗 (𝑘) + 𝑖dc (𝑘) + (( ∑
𝑗=𝑎∼𝑐

𝑖𝑗 (𝑘) + 𝑖dc (𝑘))2
+ 4 ⋅ 𝑈𝐶 (𝑘) − 𝑈𝐶 (𝑘 − 1)𝑇𝑠
⋅ ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘) − ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘 − 1) + 𝑖dc (𝑘) − 𝑖dc (𝑘 − 1)𝑇𝑠
⋅ 𝜆21 ⋅ 𝐶20 ⋅ (ESR(𝑘−1)𝑇𝑠 ,𝑇ESR0,𝑇base

⋅ 1𝑒(𝑇−𝑇base)/𝐸 + 𝜆2))1/2)(2
⋅ 𝑈𝐶 (𝑘) − 𝑈𝐶 (𝑘 − 1)𝑇𝑠 )−1 ,

ESR𝑘𝑇𝑠 ,𝑇 = (4𝜆21 ⋅ 𝐶20 ⋅ (ESR(𝑘−1)𝑇𝑠 ,𝑇ESR0,𝑇base
⋅ 1𝑒(𝑇−𝑇base)/𝐸 + 𝜆2)

⋅ [𝑈𝐶 (𝑘) − 𝑈𝐶 (𝑘 − 1)𝑇𝑠 ]2)( ∑
𝑗=𝑎∼𝑐

𝑖𝑗 (𝑘) + 𝑖dc (𝑘)
+ (( ∑

𝑗=𝑎∼𝑐

𝑖𝑗 (𝑘) + 𝑖dc (𝑘))2 + 4
⋅ 𝑈𝐶 (𝑘) − 𝑈𝐶 (𝑘 − 1)𝑇𝑠
⋅ ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘) − ∑𝑗=𝑎∼𝑐 𝑖𝑗 (𝑘 − 1) + 𝑖dc (𝑘) − 𝑖dc (𝑘 − 1)𝑇𝑠
⋅ 𝜆21 ⋅ 𝐶20 ⋅ (ESR(𝑘−1)𝑇𝑠 ,𝑇ESR0,𝑇base

⋅ 1𝑒(𝑇−𝑇base)/𝐸 + 𝜆2))1/2)
−1 .

(16)
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4. Life Prediction of Electrolytic
Capacitor in the 4QC

In classical life prediction procedures, damage is considered
to accumulate in a linear way. An early example is the well-
knownMiner’s Criterion, which was introduced by Miner M.
A. in 1945. Miner’s Criterion solves the problem of mecha-
nical degrading perfectly, but it finds itself in dilemma under
electrical components degrading issues. Later on, Weibull
Distribution is introduced to depict safety chain system [20],
while it also fails to predict in dynamic state with suffi-
cient accuracy. In electrolytic capacitor, both periodical and
occasional damage lead to its degrading. Periodical damage
prevails in steady state of capacitor, when external ripple
current and ambient temperature stay the same. Weibull
Distribution approximates such periodical degrading course
excellently [12, 13]. However, in dynamic state when occa-
sional fluctuation exists, occasional damage makes the accu-
mulation trend vary greatly. In this case, the grey model
(GM) could do a better job, while Weibull Distribution no
longer follows the trend with sufficient accuracy [21]. GM
predicts better under small sample space and uncertainty,
which is just our case [1, 2, 22, 23]. As for GM, GM(1, 1)
and GM(2, 1) are two important branches [24–26]. They are
both effective in short-term prediction, but GM(1, 1) fails to
achieve sufficient accuracy in long term prediction, especially
under unpredictable load or ambient temperature variations.
Therefore, GM(2, 1)model is more suitable in our case.

Similar to conventional linear prediction approach, our
prediction procedure also chooses damage degree (DD) to
assess the degrading level. The DD on time spot 𝑛𝑇𝑝 is
represented with 𝐷(𝑛), while 𝑇𝑝 is the calculation interval
during the prediction. 𝑇𝑝 is different from the former 𝑇𝑠. 𝑇𝑠
is shorter, so that ESR and capacitance are calculated with
sufficient accuracy. 𝑇𝑝 should be longer than 𝑇𝑠, because the
service life of capacitor is usually thousands of hours. In our
work, 𝑇𝑝 is chosen to be 1 hour.

As is given in (17), 𝐷(𝑛) is calculated with capacitance,
while 𝐶(𝑛) is the capacitance on time spot 𝑛𝑇𝑝 and 𝐶0 is
the initial capacitance. It should be noted that, according to
(6) and (8), the variations of ESR and 𝐶 are correlated. Such
correlation could also be observed in Figure 2. Therefore,
either ESR or capacitance depicts the whole degrading pro-
cess effectively, while only capacitance is considered in𝐷 (𝑛) = 𝐶0 − 𝐶 (𝑛)𝐶0 . (17)

For an electrolytic capacitor, 𝐷(𝑛) larger than certain
threshold often means that the capacitor has come to an end.
It should be noted that the damage degree threshold for an
electrolytic capacitors should be chosen by considering the
following facts:

(1) Being chosen according to the ESR or capacitance
tolerance provided by manufacturers.

(2) Being chosen according to the allowable ESR or
capacitance deviation determined by the equipment
performance requirements, in which the capacitor is
settled.

In the case of a CD137 capacitor, the threshold of 0.4 is
chosen, according to data provided by its manufacturer [27].
The time spot 𝑛𝑇𝑝, on which𝐷(𝑛) is larger than 0.4, could be
deemed as the service life of a CD137 capacitor. By prediction
of𝐷(𝑛), 𝑛𝑇𝑝 could also be predicted simultaneously.

GM(2, 1) model constructs a second-order differential
equation, which describes the changing trend of the predicted
quantity. The differential equation is shown in (18), while
prediction is implemented with 𝐷(1)(𝑡), and 𝛽1∼𝛽3 are coef-
ficients to be determined with GM(2, 1) algorithm.

𝑑2𝑑𝑡2𝐷(1) (𝑡) + 𝛽1 𝑑𝑑𝑡𝐷(1) (𝑡) + 𝛽2𝐷(1) (𝑡) = 𝛽3. (18)

By (18),𝐷(1)(𝑡) could be solved to be

𝐷(1) (𝑡) = 𝐿−1 [[ 𝛽3𝑠 (𝑠2 + 𝛽1𝑠 + 𝛽2)
+ 𝐷(1) (0−) 𝑠 + 𝐷(1) (0−) + 𝛽1𝐷(1) (0−)𝑠2 + 𝛽1𝑠 + 𝛽2 ]] .

(19)

The initial conditions of (19) are

𝐷(1) (0−) = 𝐷(0) (𝑡)𝑡=0− = 𝐷(0) (𝑘)𝑘=1 ,𝐷(1) (0−) ≈ 𝐷(1) (𝑡)𝑡=0+ − 𝐷(1) (𝑡)𝑡=0−= 𝐷(0) (𝑘)𝑘=2 .
(20)

Equation (18) takes an analogous form. However, digital-
ized system calls for difference equations instead of differen-
tial equations. In GM theory, (18) is actually equalized to be a
difference equation in

𝜎 (𝐷(0) (𝑛)) + 𝛽1𝐷(0) (𝑛 − 1)+ 𝛽2 [0.5𝐷(1) (𝑛 − 1) + 0.5𝐷(1) (𝑛)] = 𝛽3. (21)

In (21), 𝐷(1)(n) is the sum of 𝐷(0)(n), as is given in (22).𝐷(0)(𝑖) is equal to 𝐷(𝑖). The symbol of 𝜎 means 1st-order
difference

𝐷(1) (𝑛) = 𝑛∑
𝑖=0

𝐷(0) (𝑖) . (22)

Moreover, the coefficient vector (𝛽1 𝛽2 𝛽3) in equation
(18) is derived by LSMalgorithmwith a pseudo inversematrix(𝐴𝑇𝐴)−1:

(𝛽1 𝛽2 𝛽3) = (𝐴𝑇𝐴)−1 𝐴𝑇𝐵. (23)
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In (23), the metrics of 𝐴 and 𝐵 are

𝐴
=(
(

−𝐷(0) (1) −0.5𝐷(1) (1) − 0.5𝐷(1) (2) 1−𝐷(0) (2) −0.5𝐷(1) (2) − 0.5𝐷(1) (3) 1... ... ...−𝐷(0) (𝑛 − 1) −0.5𝐷(1) (𝑛 − 1) − 0.5𝐷(1) (𝑛) 1
)
)

,

𝐵 =(
(

𝜎(𝐷(0) (2))𝜎 (𝐷(0) (3))...𝜎 (𝐷(0) (𝑛))
)
)

.
(24)

Therefore, 𝐷(1)(𝑛) could be derived as is shown in (25),
which equals the sum of several residues:

𝐷(1) (𝑛) = Res[ 𝛽3𝑠 (𝑠2 + 𝛽1𝑠 + 𝛽2) 𝑒𝑠𝑛𝑇𝑝 , 0]
+ Res[[[ 𝛽3𝑠 (𝑠2 + 𝛽1𝑠 + 𝛽2) 𝑒𝑠𝑛𝑇𝑝 , −𝛽1 − √𝛽21 − 4𝛽22 ]]]
+ Res[[[ 𝛽3𝑠 (𝑠2 + 𝛽1𝑠 + 𝛽2) 𝑒𝑠𝑛𝑇𝑝 , −𝛽1 + √𝛽21 − 4𝛽22 ]]]
+ Res[[[ 𝐷(1) (0−) 𝑠𝑠2 + 𝛽1𝑠 + 𝛽2 𝑒𝑠𝑛𝑇𝑝 , −𝛽1 − √𝛽21 − 4𝛽22 ]]]
+ Res[[[ 𝐷(1) (0−) 𝑠𝑠2 + 𝛽1𝑠 + 𝛽2 𝑒𝑠𝑛𝑇𝑝 , −𝛽1 + √𝛽21 − 4𝛽22 ]]] .

(25)

If current time spot is nTp, then the damage degree on
future time spot (𝑛 + 𝑖)Tp could be calculated by

𝐷(0) (𝑛 + 𝑖) = 𝐷(1) (𝑛 + 𝑖) − 𝐷(1) (𝑛 + 𝑖 − 1) ,𝑖 = 1, 2, 3, . . . . (26)

Finally, the service life is derived according to

𝐿 = 𝑗𝑇𝑝, when 𝐷(0) (𝑛 + 𝑗) − 0.4 < 𝜁. (27)

In (27), it is assumed that the current time is 𝑛𝑇𝑝. L is the
predicted service life, and 𝜁 is the hysteresis error threshold.
According to experimental results, 𝜁 is chosen as 5 × 10−5,
so that the error gap of L is 50𝑇𝑝 while 𝑇𝑝 equals 1 hour.
5. Actual Implementation of

the Life Prediction Process

Altogether, it takes the following steps to predict service life
of electrolytic capacitor in 4QC:

(1) To detect 𝑖𝑎∼𝑐 for the sumof 𝑖𝑎∼𝑐 on time spots 𝑘𝑇𝑠 and
(𝑘 − 1)𝑇𝑠. To detect 𝑖dc for 𝑖dc(𝑘) and 𝑖dc(𝑘 − 1).

(2) To detect ambient temperature 𝑇.
(3) To calculate 𝐶𝑘𝑇𝑠 and ESR𝑘𝑇𝑠 ,𝑇 according to (13) or

(16), depending on 4QC operating stage.
(4) To sample the capacitance sequence of 𝐶𝑘𝑇𝑠 , 𝐶(𝑘−1)𝑇𝑠 ,

and 𝐶(𝑘−2)𝑇𝑠 , . . . , 𝐶0 for 𝐶𝑛𝑇𝑝 and 𝐶(𝑛−1)𝑇𝑝 , . . . , 𝐶0.
(5) To calculate𝐷(0)(𝑛),𝐷(0)(𝑛−1), . . . , 𝐷(0)(0) with𝐶𝑛𝑇𝑝

and 𝐶(𝑛−1)𝑇𝑝 , . . . , 𝐶0 according to (17).
(6) To calculate 𝐷(1)(𝑛), 𝐷(1)(𝑛 − 1), . . . , 𝐷(1)(0) with𝐷(0)(𝑛),𝐷(0)(𝑛 − 1), . . . , 𝐷(0)(0) according to (22).
(7) To predict 𝐷(1)(𝑛 + 𝑖), 𝐷(1)(𝑛 + 𝑖 − 1),. . .,𝐷(1)(𝑛 + 1),

according to (25).

(8) To derive 𝐷(0)(𝑛 + 𝑖), 𝐷(0)(𝑛 + 𝑖 − 1),. . .,𝐷(0)(𝑛 + 1),
according to (26).

(9) To obtain the service life of electrolytic capacitor,
according to (27).

In the following example, the DC side of 4QC contains 6
paralleled capacitor branches while each branch is made up
of 4 capacitors in series. There are altogether 24 capacitors,
each capacitor is CD137 (as is stated in Section 2) and
the equivalent total capacitance is 27000 𝜇F. The AC grid
voltage of 4QC (in RMS and line-to-line) is 800V and 𝑈dc
is 1650V. The capacity of 4QC is 1MW. Typically, the service
life of CD137 capacitor is around 10000 hours under rated
ripple current (47A in RMS) and ambient temperature 85∘C;
however, its service life varies with actual ripple current and
ambient temperature.

Figure 5 shows the calculated capacitance under different
DC loads and ambient temperatures (𝐼dc and 𝑇), and the
calculation is carried out with our proposed iterative ana-
lytical ripple model. It should be noted that the calculated
capacitance is divided by 10 so that all the curves could
be drawn in the 𝑌-axis range of (−500, 2000). In Figure 5,𝐼dc and 𝑇 change in 3 phases (100A/45∘C, 300A/65∘C, and
500A/85∘C). It is obvious that the ripple current 𝐼rip increases
with 𝐼dc and T. In Figure 5, short-term fluctuation exists
in 𝑈dc during the transition between different stages, and
such fluctuation comes from the closed loop regulation of
4QC under varying DC load [1, 2]. Similar fluctuation also
exists in ripple currents and the calculated capacitance. Such
fluctuation produces damage degree error of about 3% and
could be eliminated by filter with a time delay of 100ms.
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Figure 5: The iteration results of capacitance under different ripple
currents and ambient temperatures.
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Figure 6: The degrading process of electrolytic capacitor with
different load conditions.

Figure 5 means that the calculated capacitance is accurate
under varying DC loads and ambient temperatures.

Figure 6 shows the degrading process of CD137 capacitor
under different DC loads (𝐼dc) while ambient temperature
(𝑇base) stays on 55∘C. The degrading process is depicted by
damage degree (DD), which is calculated according to (17).
Curve 1 in Figure 6 shows the aging of capacitor with actual
DC load variation (illustrated by horizontal lines in Figure 6),
while curve 2 in Figure 6 shows the degrading process under
constant 100% 𝐼dc (606A) and curve 3 is under constant
50% 𝐼dc (303A). From Figure 6, it seems that the damage
degree trend is affected by 𝐼dc (or 𝐼rip in essence) seriously.The
bigger 𝐼dc, the shorter the service life the capacitor possesses.
With the damage degree threshold of 0.4, the service life
of CD137 capacitor under 100% 𝐼dc, under varying 𝐼dc, and
under 50% 𝐼dc is 15800, 18900, and 24800 hours, respectively.

Figure 7 shows the degrading process of CD137 capacitor
under different 𝑇base while 𝐼dc current stays 50% (303A).
Curve 1 in Figure 7 shows the degrading of capacitor with
actual ambient temperature variation (illustrated by horizon-
tal lines in Figure 7), while curve 2 in Figure 7 shows the
(shown in Figure 6) process under constant 𝑇base of 90∘C and
curve 3 is under constant 55∘C. Similarly, the higher𝑇base, the
shorter the service life the capacitor possesses.With a damage
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Figure 7: The aging of electrolytic capacitor with different ambient
temperatures.

degree threshold of 0.4, the service life of CD137 capacitor
under 90∘C, under varying ambient temperature, and under
55∘C is 5300, 15000, and 24800 hours, respectively.

By comparison of Figure 7 with Figure 6, it shows that
the affect from ambient temperature is more serious than that
from DC load.

Figure 8 shows the comparison of prediction results
with GM(2, 1) model, with GM(1, 1) model, and with the
conventional model that is proposed in [9]. It seems that the
prediction accuracy of all the three models is sufficient in
steady states (in Figures 8(a)–8(c)). However, the prediction
errors with the three models are quite different in dynamic
states, when 𝐼dc or 𝑇base varies from time to time. In Figures
8(d) and 8(e), GM(1, 1) model obtains better prediction
accuracy in the short-term range (up to around 6000 hours);
however, its prediction error is unacceptable in the long term
range (6000 hours to 27000 hours). Conventional model
works excellently in time range up to 12000 hours but fails
to play better than GM(2, 1)model after that. For electrolytic
capacitor, the most important time range of life prediction
is 10000 to 30000 hours, and our proposed GM(2, 1) model
works with the least prediction error in such time range.

The prediction algorithm proposed in this paper is
embedded directly into the control code of our existing 4QC,
with no additional requirements for PCB board or sensors.
So it is acceptable in the financial or maintaining point of
view.With dSPACE, the authors set up a prediction prototype
platform in the lab, to study the affect from such code
addition, as is shown in Figure 9. A set of actual 4QC control
boards are installed in the platform.The addition of our state
evaluation and prediction code increases the execution time
of the overall control code from 175𝜇s to 237𝜇s. Meanwhile,
the control boards and the 4QC still work smoothly without
any abnormal situations, which means that the execution
increase of 58𝜇s does not affect the performance of existing
4QC control scheme and that the approach proposed is
applicable and compatible with existing 4QC control code.
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(a) The prediction result under 50% 𝐼dc and 𝑇base of 55∘C
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(b) The prediction result under 100% 𝐼dc and 𝑇base of 55∘C
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(c) The prediction result under 50 𝐼dc and 𝑇base of 55
∘C
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(d) The prediction result under varying 𝐼dc and 𝑇base of 55
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(e) The prediction result under varying 𝑇base and 50% 𝐼dc

Figure 8:The service life prediction with GM(2, 1)model, with GM(1, 1)model, and with conventional model. -∗-: prediction with GM(1, 1)
model; -∘-: actual damage degree along with service time; -⬦-: prediction with GM(2, 1) model; -×-: prediction with conventional model.

6. Conclusions

In power supply of urban transit system, electrolytic capaci-
tors are relatively weaker among all the components of a 4QC.
In order to ensure the reliability of the whole system, the state
of capacitors must be evaluated online and the service life of

them should be predicted.After that,measures could be taken
in advance before capacitor failures. Conventional prediction
approaches fail to work with sufficient accuracy under the
varying DC load current and varying ambient temperature
of a 4QC, while the proposed approach in this paper works
better in such case. In our approach, iteration with electrical
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Figure 9: The dSPACE prototype platform for 4QC capacitor
service life prediction.

quantities and GM(2, 1) model makes it possible to obtain
more accurate service life prediction with the existence of
unpredictable load current and ambient temperature.
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