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Chapter 1

Introduction

This chapter includes the motivation for this work. Reliability, electrical characteristic and

aging mechanism of Aluminum Electrolytic Capacitor (AEC) used in power electronic

converters (PEC) are briefly discussed. Aims and objectives of the work are identified

and are included along with the outline of the thesis at the end of the chapter.

1.1 Motivation

Growing concerns about climate change and global warming resulting from carbon emis-

sions have pushed for more use of renewable sources such as solar photovoltaic (PV),

wind, solar thermal etc. For efficient utilization of these sources, power electronic con-

verters (PEC) are used to interface them with the load or grid. Apart from focus on

developing high efficient PECs, increased attention is being paid on field performance of

these converters, including their reliability.

The reliability data collected at Florida Solar Energy Center from 103 grid-connected PV

systems, indicates that inverters are the most vulnerable components in solar PV systems

[1]. It is recorded that out of 213 failure events, 139 failure (65%) events were the result

of malfunctioning of inverters [1]. It is reported in [2] that for 126 PV systems installed

1
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Figure 1.1: Percentage of (a) unscheduled maintenance events by subsystem, and (b)
unscheduled maintenance cost by subsystem [3].

at 62 different locations, 190 failure events were recorded, out of which 75% were due to

the failure of inverters. Furthermore, an assessment of 5 MW plant at Springerville Crys-

talline Silicon Systems is published in [3]. During 5 years of operation, 156 unscheduled

maintenance events were recorded for this plant, which were further categorized based on

the components which failed during these events. The components failure expressed as

percentage of total failure is shown in Fig. 1.1(a). It is evident from this chart that 37%

of unscheduled maintenance has to be carried out because of the failure of PV inverters.

Percentage of the cost incurred on repairing of these components is shown in Fig. 1.1(b),

which highlights that the cost of repairing of the inverter is highest among other com-

ponents. Similarly, published statistical data for small wind turbine system (SWT) from

Elsfork, Sweden [4] and the Scientific Monitoring and Evaluation Programme (WMEP)

in Germany [5] shows that the failure rate is higher for the electrical subsystem when com-

pared to the mechanical subsystem. As reported for period between 2000-2004, 17.5% of

the failure of the SWT system happens as a result of malfunctioning of electrical subsys-

tem. Downtime of SWT system happening as a result of the failure of electrical subsystem

constitute about 14.3% of the total downtime.

These unscheduled breakdowns result in loss of generation from renewable power plant

as the plant cannot be operated till repair of faulty components is complete. Furthermore,

these unscheduled repair cost may be sometimes considerably high as it is subjected to

the availability of replacement of faulty components at the site. Therefore, unscheduled
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shutdown and outrage need to be avoided to improve performance and availability of

power processing system. Three different strategies for maintenance are suggested in the

literature [6, 7, 8, 9]:

1. Reactive maintenance / Breakdown maintenance.

2. Preventive maintenance / Age-based maintenance.

3. Predictive maintenance / Condition based maintenance.

In case the system fails completely, replacement of the faulty component is carried out to

restore the system. This strategy is called reactive maintenance. This is best suited for

systems where the breakdown of a single component does not lead to complete failure

of the system and enough spares are available for replacing the faulty components. Due

to strategic reasons where complete shutdown of the system is not tolerable, preventive

maintenance is carried out. After every fixed time period, the maintenance is carried out

to minimize the unexpected failure. This strategy is neither cost effective nor would be

able to avoid major failures.

To ensure high reliability and minimum maintenance cost of the system, condition based

maintenance (CBM) system is most effective. Maintenance is carried out whenever there

is an indication of abnormality in the system. To track the condition of the system, differ-

ent parameters are continuously monitored which would reflect the health of the different

components of the system. This type of monitoring of parameter is called condition mon-

itoring (CM). This strategy gives sufficient time to ensure proper maintenance before the

system reaches a critical stage. Therefore, the diagnostic system based on condition mon-

itoring of component helps in appropriate predictive maintenance.
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1.2 Need for Condition Monitoring of Capacitor in Power

Electronics

Since most of the PECs used for renewable energy integration, at the low and medium

power level, lacks redundancy in its architecture, a fault in any of its component may

result in complete shutdown of the system. Therefore, efforts have been made to identify

the components which are prone to failure [10, 11, 12]. In response to a questionnaire

survey conducted in the power electronics industries, 34% of the respondents identify

semiconductor devices as the most fragile component, followed by the capacitor with

around 20% [10]. Another industrial survey of 200 PECs across 80 companies reveals that

30% failure of converters happen as a result of the failure of capacitor followed by 21%

of the failure as a result of semiconductor devices [12]. Therefore, it can be concluded

that health of capacitor affect the overall performance of PECs.

Depending on type of PECs, capacitors may be used for filtering, bypass, power decou-

pling and energy buffering function. With a given choice of circuit topology and cost con-

straint, capacitors are selected from the different capacitor technologies viz. polypropy-

lene film capacitors (MPPF-Caps), aluminum electrolytic capacitor (AEC) and multi-

layer ceramic capacitors (MLC-Caps). Due to low cost and high energy density, AECs

are preferred for dc applications in PECs [13]. However, AECs suffer from low ripple

current rating, poor reliability and their susceptibility to failure [14]. Therefore condition

monitoring of AECs would definitely increase the overall reliability of the PECs. This

thesis is focused on methods and techniques for condition monitoring of AEC.

1.2.1 Electrical Characteristic and Equivalent Model of AEC

The construction of AEC is shown in Fig. 1.2. The anode and cathode are metal strips,

separated by a very porous layer of paper (spacer). The electrolyte is typically aluminum
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1. Accelerated Life Testing (ALT) of AECs: Typical service life of AECs varies be-

tween 1,000 to 12,000 hours at rated conditions. Accelerated life tests based on punctur-

ing of capacitor seal and exposing it to high temperature could reduce the testing time for

estimation of operating life. The objective is to determine the correlation between degra-

dation during the accelerated life test and actual degradation of the capacitor operating

under normal conditions.

2. Online monitoring of AEC in dc system: DC-DC converter used in these system op-

erates in continuous conduction mode (CCM) or discontinuous conduction mode (DCM),

depending on the source and load conditions. The objective is to develop monitoring

methods for the health of AEC using the existing sensors and show its applicability to all

modes of converter operation.

3. Non-invasive monitoring of dc-link capacitor in single-phase dc-ac converters: In

a single-phase dc-ac converter, voltage and current of dc-link oscillate at low frequency

equal to twice of the grid frequency. The objective is to utilize these oscillations to suggest

the technique for estimation of dc-link capacitance. The proposed method should be

applicable for converter operating at different power factor and power level.

1.4 Thesis Outline

• Chapter 2 discusses the various accelerated life tests reported in the literature for

capacitor. Various offline and online condition monitoring techniques available in

the literature are also discussed. Monitoring techniques are discussed with partic-

ular reference to the converter for which it is applicable. Relative advantages and

disadvantages of various techniques are highlighted.

• In Chapter 3, accelerated life testing using puncturing for capacitor is discussed.

The theoretical basis of the method proving its superiority over the conventional el-

evated temperature accelerated testing is provided. The correlation between degra-
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dation during the accelerated life test and actual degradation of the capacitor oper-

ating under normal conditions is experimentally determined.

• Chapter 4 proposes an online method based on ESR for health monitoring of AEC

in DC system. The proposed technique is applicable for both CCM and DCM mode

of operation of the converter. Detailed simulation studies are included to verify the

efficacy of the scheme. In order to confirm the viability of the scheme, experimental

studies on a laboratory prototype is included.

• Chapter 5 discusses a novel method to measure low-frequency impedance of AEC

for its health monitoring. Since the proposed technique is applicable to both CCM

and DCM modes of operation, suitable modification in sampling instant, using

mathematical analysis, is suggested to recover low frequency perturbed signal. Fur-

thermore, AEC’s failure criteria based on low-frequency impedance is investigated

using accelerated aging approach. Detailed simulation studies and experimentation

on laboratory prototype are included to verify the efficacy of the technique.

• Chapter 6 proposes an online non-invasive technique to estimate capacitance of the

dc-link of single-phase grid connected system. Estimation of capacitance is done

using the available measurement and is implemented in the same digital controller

used for control of the converter. The efficacy of the method is verified by both

simulation and experimentation on a prototype of grid connected inverter.

• Chapter 7 provides the concluding remarks along with the future scope of research

related to health monitoring of capacitors.





Chapter 2

Literature Review

This chapter discuss the state of the art of accelerated life test and condition monitoring of

capacitors. Various lifetime models developed in past literature are discussed. Literature

on condition monitoring technique for aluminum electrolytic capacitor used in dc-link of

dc-dc converter, dc-ac converter, and ac-dc-ac converter is discussed. Relative advantages

and disadvantages of various methods are also highlighted.

2.1 Review of Accelerated Life Test (ALT) Methods

Under normal usage conditions, AEC’s service life varies between 1,000 to 20,000 hours

[25]. This is relatively long time and therefore, capacitor testing at normal operating

condition would be a time and resource consuming process. In order to decrease the test

time for AECs, various accelerated life test (ALT) techniques have been developed in the

literature. ALT techniques subject AECs to higher stress (operating temperature, voltage,

ripple current) levels, as compared to their rated conditions. The data obtained during

the ALT is extrapolated to the normal usage condition using lifetime models. The details

of various lifetime models and various ALT techniques are discussed in the subsequent

section.

11
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2.1.1 Lifetime Models

Typically, in literature, the lifetime of an electrolytic capacitor operated at temperature

(T) is predicted using the Arrhenius Law given below [26],

L(T ) = A× e
−Ea
RT (2.1)

where, L(T ) is life time at temperature T , A is the activity factor, Ea is activation energy

of the process, R is gas constant. The underlying assumption is that electrolyte loss, which

depends on the temperature, is the primary process of degradation. Since the Arrhenius

equation relates the evaporation rate at two different temperatures, the same relationship

is reflected in the lifetimes
L(T1)

L(T2)
= 2(T2−T1)/10 (2.2)

where, L(T1) and L(T2) are the expected life at core temperatures T1 and T2, respectively.

In [18], this equation is modified to account for voltage stress effects,

L(T1,V1)

L(T2,V2)
=
(V1

V2

)−n
×2(T2−T1)/10 (2.3)

where, V1 and V2 are the voltages at which capacitor is being operated. The value of n is

experimentally investigated and found to be in the range of 2-4 [27].

Manufacturers typically degrade the capacitor by thermal overstress [28]. The equation

used by manufacturers to calculate lifetime is given by

L = Lo×KR×Kv×KT (2.4)

where, Lo is the lifetime of the capacitor for operation at rated ripple current (Io) and

temperature (To). KR is the multiplication factor for ripple current, Kv is the multiplication

factor for voltage stress, and KT is the multiplication factor for temperature stress. The
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acceleration multipliers for voltage, temperature and ripple current are given as,

KR = K

(
1−

I1

I0

)2

×
∆T
10

i (2.5)

Kv =
(V1

Vo

)−n
(2.6)

KT = 2(T1−To)/10 (2.7)

Since the rise in core temperature of the capacitor (∆T ) used in the aforementioned equa-

tions is not measurable directly, a method to estimate the core temperature is suggested in

[26]. The ripple current results in the rise of the core temperature of the capacitor, thereby

increasing the rate of loss of electrolyte and causing degradation of the electrolyte. Rise

in temperature when rms current (I1) flows through the capacitor is given by,

T = Tamb +∆T (2.8)

∆T =
I2
1 ×ESR
β ×S

(2.9)

where, S is the surface area of the capacitor (m2), ∆T is the difference in the core temper-

ature and ambient temperature (◦C), and β is heat transfer per unit surface area (W/m2

◦C) which is to be determined experimentally.

2.1.2 Accelerated Life Test Techniques

Depending on applied stress for accelerated degradation of capacitor for lifetime evalua-

tion, different accelerated techniques can be classified as thermal overstress and electrical

overstress methods.

Use of thermal overstress to accelerate the degradation process of AEC are discussed in

[29, 30]. In [29] capacitors are heated above their maximum rated temperature. Here, the

change in capacitance with time is found to be linear, whereas ESR variation with time is

found to be non-linear. Furthermore, it is observed that capacitance has degraded signif-
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icantly higher when compared to ESR. In [30], capacitors of different package size and

capacitance are subjected to thermal stress cycle to simulate the real field working condi-

tion. A complete thermal cycle consists of raising the capacitor temperature from ambient

temperature to a high temperature within a short span of time and maintain the elevated

temperature for several hours. Thereafter it is again brought back to ambient temperature

to cool via natural convection. The time for which it remains in ambient temperature is

same as to that of time for which capacitor is subjected to elevated temperature. Constant

DC voltage is applied to the capacitor during the elevated temperature condition. Periodic

assessment of capacitance and ESR is carried out till the capacitor fails. From the gen-

erated data, it is concluded that for capacitor with smaller diameter, capacitance decrease

is linear with time. This trend continues even though capacitor has approach the end of

its lifetime based on the increase in ESR to its threshold value. For capacitor of bigger

size, change in capacitance is exponential near its end of life. It also proposes to include

the factor of operating voltage and maximum accepted voltage in the lifetime calculation

model.

Accelerated degradation by electrical over-stress is demonstrated in [31, 32, 33, 34]. The

capacitor is subjected to constant charge/discharge cycles at low frequency. The frequency

of charge/discharge cycles is selected so as to ensure that capacitor discharge before the

next charge cycle. It is observed that rate of increase in ESR or decrease in capacitance is

highest when the capacitor is subjected to higher voltage stress. Capacitor failure happens

a result of the decrease in capacitance below the threshold value whereas the ESR changes

by a small value. The degradation characteristics of equivalent series resistance (ESR) and

capacitance (C) are observed to be nonlinear. In [[34], the capacitor is aged by injecting

a ripple current at elevated temperature. Using the lifetime model suggested in [26], the

evolution of ESR with time for different operating condition is modeled. It is concluded

that prediction based on the model is incorrect and needs to be improved so as to take into

account the failure that happens as a result of leakage current.

Degradation by puncturing the shell of the capacitor, promises to reduce the degradation
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Figure 2.1: Impedance vs. frequency of AEC.

time drastically [35]. The puncturing of AEC increases electrolyte evaporation, acceler-

ating the degradation process. Typically, degradation test using puncturing lasts less than

100 hours, which is much less than the conventional test which takes about 1000 to 3000

hours [35]. The puncturing based method is suggested for comparison of lifetimes of

two different capacitors. However, the correlation between the accelerated time with the

normal time is not established in [35].

2.2 Review of Condition Monitoring Technique

AEC is modeled as a series combination of equivalent series resistance (ESR), pure ca-

pacitance (C) and equivalent series inductance (ESL). The impedance characteristic of an

EPCOS made 470µF ,450 V AEC obtained using impedance analyzer is shown in Fig.

2.1. From the characteristic, it is clear that depending on the operating frequency, the

characteristics of AEC is dominated by ESR, C or ESL. The impedance offered by the

capacitance (C) dominates in the low frequency range (ω ≤ω1 = 1/((ESR).C ). For high

frequency (ω ≥ ω2 = ESR/ESL ) impedance of ESL dominates. ESR determines the

overall impedance for medium frequency region (ω1 ≤ ω ≤ ω2 ) and it remains almost

constant in this frequency range. Furthermore, as discussed in Chapter 1, ESR value de-

pends on core temperature of AEC. Curve in Fig. 2.1 tends to shift downward with an

increase in core temperature. With aging, the curve moves upward. The end of life of
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AEC is defined by an increase of ESR by 2.8 times or decrease of its capacitance by 20%

from its initial value [36].

Current through AEC has twice the power frequency component (in case of single-phase

or unbalanced three phase systems) and/or switching frequency component. Typically,

the low-frequency component lies in the C dominated region and switching frequency

component lies in the ESR dominated region. Therefore, depending on the application,

monitoring of C and/or ESR is desired.

2.2.1 Offline Techniques

Offline techniques are easy to implement and helpful in both diagnostic as well as in de-

sign stage. Most of the offline techniques suggested in literature involve injecting signals

of a certain frequency to a series combination of the known non-inductive resistor and the

capacitor under test. The experimental setup for the technique suggested in [37, 38] for

estimation of capacitor’s internal parameter is shown in Fig. 2.2. Using oscilloscope’s XY

mode of operation, the capacitor voltage is plotted as a function of input sinusoidal volt-

age to obtain an elliptical shape. The resulting intercepts on X and Y axis are expressed as

a function of ESR, reactance, and frequency of input voltage. Using the measured values

of intercepts, the ESR and C are evaluated for frequencies ranging from 100 Hz to 100

kHz [37]. For best accuracy in the estimation at low frequency, the external resistance

should be greater than the capacitor impedance at injected frequency and its value should

be accurately known. This constraint is usually not satisfied for capacitor of small ca-

pacitance value. To address this limitation, Newton Raphson technique is suggested to

solve the coupled equations in [38, 39]. Since the above technique relies on graphical

analysis which may involve human error, a technique is suggested in [36] which is based

on analyzing the capacitor voltage and its current. Magnitude and phase of both signals

are obtained using Discrete Fourier Transform (DFT) of their sampled values. ESR and

impedance is obtained using the magnitude and phase of these signals. To improve accu-

racy, it is suggested to estimate ESR at 1 kHz and capacitance at 120 Hz.
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Figure 2.2: Experimental setup for offline techniques suggested in [37, 38].

Another estimation method based on forcing a square-shaped capacitor current is sug-

gested in [40]. To enforce this current waveform, a controllable charge-discharge circuit

for the capacitor is developed. Using the analytical relation between capacitor voltage

and current, ESR and C are computed by curve fitting on these waveforms using least

mean square (LMS) algorithm. A comparative experimental study of sinusoidal injection

method and charge-discharge method is carried out in [41]. Capacitors were tested at dif-

ferent frequencies ranging from 120 Hz to 10 kHz and temperature ranging from 20 ◦C

to 80 ◦C. It is inferred that sinusoidal injection based method is better for ESR estimation

while charge-discharge circuit should be preferred for capacitance estimation. Another

method for characterization of AEC is suggested in [42]. This method requires a network

analyzer for measurement, thereby making it costlier than the other techniques.

These offline techniques estimate capacitor parameters’ ESR and C very accurately but

their implementation requires dedicated equipment such as signal generator, oscilloscope

etc. This increase the cost of these methods. Furthermore, these techniques could charac-

terize capacitor for temperature and frequency variation but at the cost of disconnecting

the capacitor from the power circuit.
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2.2.2 Online Techniques

Online techniques offer the advantage of evaluating capacitor condition without inter-

rupting the operation of PEC. Available literature is discussed based on its application to

different types of converters.

2.2.2.1 Monitoring in DC-DC Converters

Various techniques exist for condition monitoring of capacitors in dc-dc converters. For

an organized study of these techniques, the converters are broadly classified based on the

type of their output filter. The general schematic of LC filter based converter is shown

in Fig. 2.3. Buck, Forward and Cuk converters fall under this category. In C type filter

configuration, only capacitor is connected at the output as a filter as shown in Fig. 2.4.

Boost, Buck-boost and Flyback converters fall under this category. Furthermore, some

available techniques are applicable to both filter connections. The subsequent subsections
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Figure 2.5: Representative waveform for LC filter based dc-dc converter (a) Capacitor
current (b) Voltage across ESR (c) Voltage across capacitor.

discuss the monitoring methods application to different configuration of the capacitor in

dc-dc converter.

2.2.2.1.1 Technique for LC Type Output Filter

In this configuration, the current flowing through the capacitor is difference of the inductor

current and load current. In steady state, the current though capacitor is not abrupt due

to the inductor. Fig. 2.5 shows the capacitor current, voltage drop in ESR and voltage

across capacitance. Since the impedance offered by capacitance is small at switching

frequency, the voltage ripple at capacitor terminal is mainly due to ESR. Therefore, the

health of capacitor is reflected in the magnitude of the voltage ripple at capacitor terminal.

Technique based on measurement of only output voltage ripple is suggested in [43, 44,

45, 46]. To improve the estimation accuracy under different operating condition, [47, 48,

49, 50] suggest utilizing capacitor’s ripple current in addition to measured output voltage

ripple.

In [43] output voltage is passed through a high-pass filter to extract its ripple content. It

is rectified to obtain the peak value of ripple voltage. This serves as an indicator of the

increase in ESR of AEC. The block diagram of this technique is shown in Fig 2.6. This

method is affected by load transients, due to the sudden increase in the rectified output
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value during change in load. This issue is addressed in [45] by extracting only switching

component of ripple voltage using the band pass filter instead of high pass filter. It is

shown that the rectified average voltage of switching component is not affected by load

transient. It also suggests a computer algorithm to estimate the remaining life of the ca-

pacitor, which requires exhaustive initial testing of the converter at all possible operating

conditions. Another simple solution is suggested in [44]. Similar to [43], only ripple volt-

age is used to determine the health of capacitor. A band pass filter centered at switching

frequency eliminates the dc voltage. The resulting switching component is rectified and

pass through a low pass filter to obtain its average value. The processed signal is com-

pared with a threshold value to generate an actuating signal for a warning device. Delay

circuit is added to avoid fake triggering for the transient condition. The block diagram of

the method suggested in [44, 45] is shown in Fig 2.7. Variations in input voltage, duty

cycle, load and capacitor temperature are neglected. To include the effects of input volt-

age, duty cycle and load variation, a voltage sampling based technique is suggested in

[46]. In this method, the ripple in output voltage is calculated by sampling voltage at two

instants within a switching cycle. This is implemented using an external trigger circuit

and isolation amplifier. Digital implementation of this method would require the magni-

tude of average output dc voltage. Computational error in average dc voltage could lead

to a significant error in estimated ESR value. It is applicable for dc-dc buck converter

operating in continuous conduction mode (CCM). Since most of the converters operate in

both CCM and discontinuous conduction mode (DCM), this technique may not be useful.

Use of ripple voltage to ripple current ratio of capacitor as an indication of ESR is sug-

gested in [47]. Using the state space modeling approach, it is shown that the theoretical

value of the ratio is reflective of the health status of the capacitor. It is demonstrated exper-

imentally for a forward converter, that deterioration in the health of capacitor is reflected

in the aforementioned ratio and can be used further for assessing the health of the capac-

itor. Since, this method requires measurement of capacitor current, an alternate method

based on the ratio of ripple voltage to average dc voltage is also suggested for estimation

of health of capacitor in forward converter. Since this ratio changes with the load cur-
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rent, the health of capacitor can be assessed only by comparing the ratios at a particular

load current. In [49], effect of direct measurement of capacitor current using hall-effect

sensor is discussed. It suggests that introduction of the sensor increases equivalent series

inductance (ESL), thereby distort the voltage ripple across the capacitor. Technique sug-

gested in [48] is applicable to both CCM and DCM mode of converter operation. ESR

value is expressed interms of voltage ripple, inductor ripple current, and load resistance.

Inductor current is estimated by the input current and switch state using the least square

algorithm. A Rogowski coil based sensor is developed in [50] to monitor the inductor

current derivative which would be further used to estimate the capacitor’s ripple current.

In [51] output voltage transient analysis for step change in the output reference voltage is

carried out in a step down converter to estimate the capacitance. Techniques suggested in

[51] estimate capacitance, but require measurement of load current.

2.2.2.1.2 Technique for C Type Output Filter

In C type filter, load current flows through the capacitor whenever the switch is not con-

ducting as shown in 2.8. Change in output ripple voltage as a result of flow of the load

current is utilized in [52, 53] to estimate the health of capacitor. Using reconstructed ca-

pacitor current from the other current sensors and ripple voltage, [52, 53, 54, 55] suggest



22

IC

VR

VC

Switch 
off state

t

(a)

(b)

(c)Ts

t

t

0 2TsSwitch 
on state

Io
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methods to estimate the parameter of AEC. For health estimation of input capacitor of

power factor correction (PFC) boost converter, low-frequency component in input volt-

age and current are utilized in [56, 57].

Estimation method for evaluating ESR and capacitance of the output filter capacitor of the

boost converter is suggested in [52]. Whenever the switch is not conducting, capacitance

is obtained using the derivative of the output voltage and load current (same as capacitor

current in non conducting stage). For estimating ESR, inductor current and load current

are sampled at a very high rate. Depending on the switching state, capacitor current is

reconstructed using least mean squares (LMS) algorithm from the sampled value of the

inductor and load current. With the estimated value of capacitance, ESR is calculated

whenever the switch is conducting. For evaluation of ESR, the ratio of output voltage

ripple for Ton/2 and the mean value of the output current is suggested in [53]. A technique

for ESR estimation without measuring capacitor current is suggested for capacitor in the

output filter of flyback converter. Capacitor current is estimated inside microcontroller by

using the primary switch current. Further, the sampling of switch current is done at a low

rate using repetitive and shift of instant of sampling. This helps in getting the complete

information of the current without sampling at a high rate. However, this technique may

not be applicable where the primary switch current is not measured. For buck boost

converter, it is suggested in [47] to evaluate the ratio of capacitor ripple voltage to load
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current to estimate ESR.

A noninvasive method for obtaining ESR and capacitance is suggested in [54]. Kalman

filter is applied to the reconstructed capacitor current and capacitor ripple voltage to obtain

the ESR and capacitance value. An aging algorithm is suggested to predict the time

of failure of the capacitor. It is suggested in [53] to directly measure the ratio of the

mean value of ripple in capacitor voltage and capacitor current whenever the switch is

conducting. The technique reported in [55] is based on adaptive filter modeling to estimate

output voltage ripple from input current of a boost converter. This method is suggested

for fixed operating condition and may lead to error in life estimation in case of varying

load conditions.

Health status for AEC connected at the output of boost converter using both ESR and

C as the monitoring parameter is suggested in [56]. The input of boost converter is a

diode bridge rectifier, which would result in the appearance of low-frequency component

(along with switching component) in the AEC. Dedicated current and voltage sensors are

required to obtain the capacitor ripple voltage and current. Inclusion of current sensor in

DC-link capacitor would lead to distortion of its voltage as discussed in [49]. Another

technique for ESR and capacitance estimation in power factor correction (PFC) boost

converter is suggested in [57]. The low-frequency component in input voltage is sampled

at two points within a line cycle using an external trigger and isolation amplifier. These

values are utilized to estimate the ESR and capacitance.
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2.2.2.1.3 Monitoring Technique Applicable to Both Type of Filter Configurations

A smart electrolytic capacitor is suggested in [58]. In this technique, the value of ESR is

determined by measuring both ripple current and voltages. Capacitor current and voltage

are passed through band pass filters to extract ripple (switching frequency) components.

Ripple in voltage is divided by that in the current to determine the impedance offered by

the capacitor. Since the measurements are at high frequency, impedance value is assumed

to be equal to the ESR. Further, the temperature of the capacitor is measured to deter-

mine the initial value of ESR at operating temperature. Based on the current value and

initial value of ESR, health status of the capacitor is determined. This technique requires

a current sensor for each capacitor of bandwidth higher than the switching frequency.

Further, various analog components, such as divider circuit, exponential amplifier circuit

etc. are used, which could increase the cost of this solution. The block diagram for ESR

computation is shown in Fig. 2.9.

Hybrid modeling based approach for estimation of converter parameter including ESR

and capacitance is discussed in [59] and [60]. In both methods, converter parameters are

sampled at high frequency, which would require additional high speed Analog to Digital

Converter (ADC). Capacitor parameter estimation using biogeography-based optimiza-

tion and self-tuned Kalman filter is suggested in [61] and [62], respectively. However,

these methods are computationally intensive. Empirical Mode Decomposition and Hilbert

transform method is suggested for estimating ESR from the ripple voltage and ripple cur-

rent of the capacitor in [63]. A detailed comparison of the online techniques for health

estimation of capacitor in DC-DC converter is shown in Table 2.1.

2.2.2.2 Monitoring in DC-AC Converters

Fig. 2.10 shows a dc-ac converter connected to single-phase grid. Generally, for PV

source as input, the controller samples input voltage (vin), current (iin), grid current (ig)

and grid voltage (vg) at the rate same as switching frequency. Health estimation of the
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Table 2.1: Classification and comparison of existing health monitoring techniques for
AEC in DC-DC converters.

Health

Indicator
Approach

Technique

Suggested
Advantages & Disadvantages

[44]
Pros: No additional sensor

Cons: Requires measurement at

fixed load condition

[44]
Pros: Low cost & no additional sensor

Cons: Only for fixed operating

condition

[48]

Pros: Low computational complexity

Cons: Requires sampling at

high rate

ESR Switching Ripple
based Measurement

[45]

Pros:Algorithm for life prediction

Cons: Implementation is expensive

and complex

[49]

Pros: Low frequency sampling of

voltage and current

Cons: Not applicable to DCM mode

[50]

Pros: Performs fault diagnosis

& health monitoring

Cons: Requires specially designed coil

Advanced Algorithm

based Method
[59, 60]

Pros: No additional sensor

Cons: Requires sampling at

high rate

[63]
Pros: Good estimation accuracy

Cons:High computational complexity

ESR &C

Switching Ripple
based Measurement

[46]

Pros: No additional sensor,

easy to implement

Cons: Not applicable to DCM mode

Advanced Algorithm

based Method
[61, 62]

Pros: Low sampling rate

Cons: High computational complexity,

longer convergence time

Low frequency

based Method
[56, 57]

Pros: Low sampling rate

Cons: Requires availability of

low frequency signal time
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Figure 2.10: Single-phase grid connected DC/AC converter.

dc-link capacitor based on evaluation of the capacitor parameters’ ESR and capacitance

is suggested in [64, 65]. Methods based on quantifying aging of AEC in variables other

than ESR and capacitance of AEC are suggested in [66, 67].

In [64], a method for estimation of ESR of dc-link capacitor of single stage converter is

suggested. Normal operation of the converter is interrupted for short duration by forcing

IGBTs of one arm of H-bridge to operated in the saturation region. The resultant change

in dc-link voltage and capacitor current of the arm is measured. ESR is evaluated as a

ratio of the two quantities. Special driver is required to drive the IGBT in saturation con-

dition. Furthermore, for measuring the saturation current of IGBT, a current sensor is to

be inserted around the terminal of half bridge module. Methods to estimate both ESR

and capacitance of the dc-link capacitor of two stage grid connected converter system is

suggested in [65]. Estimation requires measurement of dc-link voltage. DC-link capaci-

tor current is estimated indirectly using the sensed grid current, boost converter inductor

current and gating signal of switches. Based on these information, capacitor current in-

tegral and change in dc-link voltage are determined for a switching interval. Recursive

least square algorithm is used to update the estimated parameter. The method requires a

high sampling rate digital controller.

The degradation of AEC is quantified in terms of reduction in power extraction efficiency

(PEE) from PV panel in [66]. PEE is defined as the ratio of average power extracted from

PV panel by the inverter to the maximum possible power available from the PV panel.
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With the aging of AEC, the oscillation of dc link voltage increases, which results in the

decrease of PEE. An online technique is suggested for monitoring of PEE using the mea-

surement from sensors which are available for control of the converter. PEE is correlated

to the health of AEC. Based on the objective of maximizing earning from grid connected

PV system, criteria for replacement of capacitor is suggested. A method to estimate

the low-frequency impedance of the AEC is suggested in [67]. It utilizes the naturally

available dc-link voltage and current oscillation in single-phase system. Low-frequency

component of capacitor current is estimated using the measured value of inductor current,

source current and modulation signal. Impedance is obtained as a ratio of rms values of

low-frequency component of dc-link voltage and capacitor current. No explicit criteria is

given for impedance at which the capacitor is to be replaced.

2.2.2.3 Monitoring in AC-DC-AC Converters

Fig. 2.11 shows a two stage ac-dc-ac converter feeding a three phase load. The reported

technique for estimation of the dc-link capacitor of AC-DC-AC can be categorized as

methods involving low-frequency voltage/current injection [68, 69, 70, 71] and methods

based on the estimation of power loss in capacitor [17], [72].

In the technique suggested in [68], a low-frequency ac voltage is injected in the dc-link

voltage reference of AC-DC-AC pulse width-modulation (PWM) converter. Power con-

sumed in capacitor is calculated as difference of input power of the line-side converter
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and output power of the load-side converter. To obtain capacitance value, support vector

machine (SVM) algorithm is used. The input to the algorithm is the averages value of ca-

pacitor power and the output is the estimated capacitance. Key limitation of this technique

is offline training of SVM algorithm.

A low-frequency current component is injected in the d-axis current loop of AC-DC-AC

PWM converter during no-load operation [69]. As a result of the injection, low-frequency

oscillations appear in the dc-link voltage and current. Since there is no current sensor for

dc-link current measurement, it is reconstructed using the grid side current and switching

states. Using band pass filter these low-frequency voltage and current are extracted. Using

the filtered value of derivative of dc-link voltage and current, the capacitance is estimated.

To improve the accuracy of estimation, recursive least square method is used. Another

technique is suggested in [70], where a known value of low-frequency current is injected

in the q-axis of the reference synchronous frame. This results in the appearance of low-

frequency ripple in dc-link of the converter. Midpoint value and zero vector state value of

dc-link voltage are measured. Capacitor current is estimated using line current and gating

signal. Using these measurement, ESR is calculated. For reliable estimation of ESR,

recursive least square method is used. Technique discussed in [71] suggests injecting

current in the q-axis of PWM inverter fed induction motor drive with front end diode

rectifier, when the motor is operating in the regenerative mode. The dc-link current is

reconstructed using the stator current and switching states of dc-ac inverter. Since the

motor is operating in regenerative mode, the dc-link current flows into the the capacitor

connected in dc-link. Capacitance is estimated using the ripple voltage and current in

the dc-link. For robust estimation performance, recursive least square method is applied.

Another method to determine the health of dc-link capacitor for a motor drive application

is suggested in [73]. During start-up of the motor drive system, the inverter circuit is used

to energize the motor with a dc voltage by configuring it as a buck converter. No torque is

produced due to dc excitation of the motor. During this period, dc-link capacitor voltage

and winding current are monitored. Values of ESR and C are estimated using the model

of the system and the measurements. Further, effect of temperature is incorporated by
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utilizing the relation between stator temperature and resistance.

Another approach based on steady-state power loss in capacitor is suggested in [17], [72].

The power loss in the capacitor is mainly due to its ESR. Its estimation is done based on

measurement of RMS values of current and voltage using an analog circuit [17]. This

technique requires dedicated ICs for RMS calculations. This could increase the cost of

the system. To avoid the use of RMS measurement IC, averaging of instantaneous power

is used to estimate ESR [72]. These techniques require capacitor current sensor.

2.3 Conclusions

State of the art in accelerated life test and condition monitoring technique for aluminum

electrolytic capacitor is presented. Following are the key points, identified from the liter-

ature survey:

1. Accelerated life test (ALT) by puncturing the capacitor is a novel method and has

great potential but is not explored completely. Correlation between the accelerated

life test and the actual operational life for an operating condition is not discussed in

the literature. Establishing a relationship between parameters under normal and ac-

celerated conditions is crucial for the utility of this method in predicting the lifetime

of a capacitor under normal operating conditions.

2. Reviewed literature based on ESR estimation for condition monitoring technique

for AEC used in dc-dc converter is not applicable to all modes of converter oper-

ation. However, in practice, the mode of operation depends on the output power

from solar PV. Therefore, CCM operation cannot be ensured for all operating con-

ditions/applications. Furthermore, the converter may be designed to always operate

in DCM for high efficiency. An online method applicable for both Continuous Con-

duction Mode (CCM) and Discontinuous Conduction Mode (DCM) of operation of

the dc-dc converter is desirable.
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3. In literature, it is found that either of ESR or capacitance may reach its critical

limit depending on the operating conditions and applications. However, most of the

existing health monitoring techniques of AEC in dc-dc converters are based on the

estimation of ESR. To address the aforementioned issue, online diagnostic method

based on identification of capacitance degradation is required.

4. All the reviewed techniques for single-phase grid connected system requires either

configuring and operating converter in a specific mode or quantifying aging of AEC

in variables other than ESR and capacitance of AEC. The discussion on utilization

of capacitance and ESR as health parameters is well established, both theoretically

and experimentally. Therefore, online non-invasive method based on ESR or ca-

pacitance for health assessment of the AEC is desirable.



Chapter 3

Correlation of Accelerated Lifetime in

Punctured Capacitor with Normal

Operating Lifetime

Capacitors are tested by the manufacturer at elevated parameter (voltage, temperature etc.)

above the maximum rating and suitable acceleration multipliers available from testing

are used to assess the operational life of AECs in normal operating condition. These

methods require large time for the degradation of the capacitor. Accelerated life tests

based on puncturing of capacitor seal, could reduce the testing time. The objective of

this chapter is to determine the correlation between degradation during the puncturing

based accelerated life test and actual degradation of the capacitor operating under normal

operating conditions. This would be useful during the design of the power electronic

converters. Accelerated life tests using puncturing and elevated temperature techniques

are carried out and results are presented.

31
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3.1 Accelerated Degradation using Puncturing

This section discusses the reason for accelerated degradation of AEC due to the evapo-

ration of electrolyte under thermal stress. It further discusses the modeling of capacitor

parameter under thermal stress condition. Procedure for correlation of degradation in

punctured and unpunctured capacitor is also outlined at the end of this section.

3.1.1 Electrolyte Evaporation under Thermal Stress

In literature, it is suggested that electrolyte evaporation is the primary process of degra-

dation in electrolytic capacitors [26]. A loss of electrolyte leads to an increase in the

equivalent series resistance (ESR) and a decrease in the capacitance. The rate of decrease

in volume of electrolyte is given by [74, 75]

dV
dt

=−JωA (3.1)

where, J is the evaporation rate, ω is molecular volume of electrolyte and A is effective

oxide surface area. Evaporation rate is dependent on ambient temperature and pressure at

the liquid surface.

Conventional ALT methods require capacitor to be placed inside an enclosed experimental

chamber, where it is subjected to an elevated temperature. As a result of evaporation, the

electrolyte vapors reach the top of the surface resulting in an increase in the gas pressure

at the surface. This leads to a decrease in evaporation rate (J). To reduce the test time,

capacitors can be punctured[35]. In this case, surface pressure on the surface of electrolyte

is same as that of the atmospheric pressure. Since evaporation rate (J) is dependent on the

surface pressure, it becomes constant for a particular value of atmospheric pressure and

temperature. Evaporation rate (J) is higher in case of the open system when compared to

a closed system. As per (3.1) the rate with which electrolyte volume decrease is higher
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for the case when capacitor is punctured. Therefore, time required for degradation of

capacitor is expected to be significantly less in the case of puncturing the capacitor.

3.1.2 Capacitance and ESR Modeling under the Accelerated Degra-

dation

The capacitance and ESR of AEC are given by [16]

C =
2εEA

d
(3.2)

ESR =
ρEdPE

2A
(3.3)

where, εE : relative dielectric constant,

d: thickness of oxide layer,

ρE : electrolyte resistivity,

PE : correlation factor related to electrolyte spacer porosity and average liquid pathway.

Under thermal overstress conditions, (3.2) and (3.3) are modified to account for the over-

stress condition [16]:

C =
2εEcbA

d
(3.4)

ESR =
ρEdPEeb

2A
(3.5)

where cb: capacitance dependence breakdown factor,

eb: ESR dependence breakdown factor.

The dependent breakdown factor is expressed as a function of decrease in electrolyte

volume

cb = exp( f n(V0−V (t)) (3.6)

eb = f n(V0−V (t) (3.7)
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Furthermore, Evaluating the volume of electrolyte at any time ‘t ’using (3.1), results in

V (t) =V0− (JωA× t) (3.8)

where, V (t) and V0 are volume of electrolyte at any time ‘t ’and at time t=0, respectively.

Substituting the value ‘A ’from (3.8) in the expression (3.4) and (3.5) results in

C =
(2εEcb

d

)(V0−V (t)
Jωt

)
(3.9)

ESR =
(

ρEdPEeb

2

)( Jωt
V0−V (t)

)
(3.10)

As evident from (3.6) and (3.7), cb and eb is a function of change in volume. Since the

above expressions of C and ESR are also dependent on cb and eb in addition to change in

volume and time, it could be expressed in form of a general function of change in volume

and time as

C = f n(V0−V (t), t) (3.11)

ESR = f n(V0−V (t), t) (3.12)

3.1.3 Proposed Procedure for Correlating the Degradation under Punc-

tured and Unpunctured Case

As evident from (3.11) and (3.12) that ESR and C are dependent on the decrease in elec-

trolyte volume and the time of operation. Since it is difficult to measure the volume of

electrolyte, the weight of capacitor is measured to account for the loss of electrolyte.

During the degradation process of AEC under the punctured and unpunctured conditions,

weight loss is to be measured at regular interval.

ESR and capacitance are noted at regular interval and are plotted against time to know its

variation with time. The process of degradation under both cases continues till its ESR

value increased to 200% of its initial value or the capacitance value has decreased by
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20%. Since the degradation is accelerated for a punctured capacitor, a suitable factor for

acceleration in time is derived by comparing the times corresponding to a particular value

of ESR and capacitance.

3.2 Experimental Setup for Accelerated Aging

A set of identical capacitors of rating 2200uF 35 V, 105 ◦C (SAMWHA make) are con-

sidered for ALT. One of them is punctured from the top with a small hole of size 0.9mm2

as shown in Fig 3.1. By puncturing from the top, it is ensured that there is no electrolyte

leakage from the holes during the experiment. The other capacitor is used without punc-

turing. The capacitors are kept at the elevated temperature in an oven as shown in Fig.

3.2. The heating temperature is suitably chosen to avoid spill of the electrolyte from the

punctured point. This is necessary because the degraded capacitors are further needed

for use in the power electronics converter. Both the capacitors are subjected to constant

heating at 90◦C for about 8 hrs continuously in an oven after which they are gradually

allowed to cool down to room temperature. Weight loss, ESR, and C are measured and

the cycle is repeated. The complete procedure is described in the flowchart as shown in

Fig. 3.3

The LCR meter used for measurement of capacitor parameter is Keysight made U1733C.

As per the datasheet of the instrument, the accuracy for ESR measurement is +-0.7%

Puncture

Figure 3.1: Open vent of punctured capacitor.
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Figure 3.2: Thermal overstress on punctured and normal capacitors.

and for capacitance it is +-0.5% of the maximum value. This would introduce error in

measurement of the capacitor’s ESR and capacitance. This error would be small and can

be safely neglected. Since the ESR and capacitance were measured after taking it out

from the oven and bringing it back to the normal room temperature, the measured values

are at the room temperature. During experiment (conducted over 2 month), the room

temperature would change. This would result in small error in the measured value as

these parameters are temperature dependent.

3.3 Experimental Analysis

Figs. 3.4 shows the plot of weight loss with respect to time for both punctured and un-

punctured capacitors, obtained experimentally. It is inferred that the rate of weight loss in

punctured capacitor is linear with time, about ten times greater than that in the unpunc-

tured capacitor. This is in accordance with the claim made in section 3.1.

Fig. 3.5 and Fig. 3.6 show the variation of C and ESR, respectively with time in case

of the unpunctured capacitor. Similarly, ESR and C are plotted with time in case of the



37

Start

Measure the initial value of capacitor  

(Punctured and Unpunctured)

Heat the capacitor at elevated 

temperature in oven

After 8 hours, cool the capacitor to 

room temperature

No

Yes

No

Measure ESR(ohm) and 

Capacitance(uF)

Measure the weight of the capacitor

ESR>200% of initial value

Capacitance < 80% of initial 

value

Testing Complete

Figure 3.3: Flow chart for puncturing based ALT.

punctured capacitor and are shown in Figs. 3.7 and 3.8, respectively. For unpunctured

capacitor, the ESR and capacitance variation with time has been fitted using the model

suggested [16]. The models are:

ESR =
1

α +β ∗ t
(3.13)

C = d ∗ t3 + c∗ t2 +b∗ t +a (3.14)

Where α , β , d, c, b and a are the coefficients to be determined from the experimental

results. Similarly, for punctured case, same model has been utilized to obtain best fit. The

values of different coefficient and adjusted R square for both type of capacitor is tabulated
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Table 3.1: Fitting parameters for model.

Type of capacitor Parameter Coefficient of parameter Adjusted R square

Unpunctured
ESR α = -0.02057, β = 19.71 0.8331

Capacitance
d = -4.4927e-7, c = 0.001253

0.9749
b = -0.3582, a = 1587

Punctured
ESR α= -0.5427, β=23.06 0.8331

Capacitance
d = -0.00801, c = -0.6358

0.9839
b = 2.337, a = 1579

in Table 3.1. Since the weight loss with time is linear, ESR and C variations with time

reflect the corresponding variations with weight loss.
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Figure 3.4: Weight loss with time.

Figure 3.5: Variation of capacitance with time for unpunctured capacitor.
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Figure 3.6: Variation of ESR with time for unpunctured capacitor.

Figure 3.7: Variation of capacitance with time for punctured capacitor.

Figure 3.8: Variation of ESR with time for punctured capacitor.
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3.3.1 Correlating degradation of Punctured and Unpunctured Ca-

pacitor

ESR values are normalized by their initial values and represented as percentages of initial

value. The percentage variation in ESR with weight loss is compared for the punctured

and unpunctured cases and is shown in Fig. 3.9. There is a substantial difference in

the region of characteristics. The weight loss for the same percentage change in ESR

is larger in the case of punctured capacitor than in the unpunctured capacitor. Hence,

it is concluded that the ESR is not only dependent on weight loss but also on the time

of degradation, as suggested by the model presented in section 3.1. Thus, the ESR is a

function of both weight loss (or electrolyte volume) and time as,

ESR = f n(wtloss,time) (3.15)

The relative weights of each of these parameters in determining ESR is obtained from

Fig. 3.4. For normal degradation, the effect of time of degradation is predominant on ESR

because the weight loss during the time period is small and therefore, the ESR expression

could be modified as,

ESR = f n(time) (3.16)

For the case of punctured capacitor, weight loss and time of degradation both are signifi-

cant for determining ESR. Since weight loss is linear with time, the general expression of

ESR given by (3.15) is modified for a punctured capacitor to obtain,

ESR = f n(wtloss,time)

= f n(A’*time,time)

= f n′(time)

(3.17)

Since the degradation is accelerated for a punctured capacitor, a suitable factor for ac-

celeration in time is derived by comparing the time corresponding to a particular value
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Figure 3.9: Comparison of ESR of the two capacitors with weight loss.

of ESR. It is found that the acceleration factor is independent of the ESR value used for

comparison. The acceleration factor, in this case, is found to be 16.67, i.e. the capacitor

degrades 16.67 times faster. Multiplying the time scale of the accelerated degradation plot

of ESR (Fig. 3.8) by 16.67, ESR versus time for both the capacitors are plotted in Fig.

3.10. It is inferred from Fig. 3.10 that the variation of ESR with time is the same except

for the acceleration factor.

To look for the correlation factor for different rating of capacitors, the experiment is re-

peated for two different set of capacitors( 1000 uF , 35 V, 85 ◦C and 4700 uF , 25 V ,

85 ◦C). The dimension of both the capacitor are same but they differ in their rating. Five

samples for each of punctured and unpunctured case have been used. The average value

of ESR of the different sample of same capacitor is taken. Following the procedure out-

lined in previous paragraph, the multiplying factor is found to be 19.5 for both capacitors.

The plots are shown in Figs. 3.11 and 3.12. The reason for same multiplying factor could

be the fact that both capacitors (35 V and 25 volt) are having the same dimension, thereby

allowing for the same rate of evaporation of electrolyte.
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Figure 3.10: Comparison of ESR of the two capacitors with time for 2200uF .
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Figure 3.11: Comparison of ESR of the two capacitors with time for 1000uF .

50

100

150

200

250

300

350

0 50 100 150 200 250 300 350 400

E
S

R
 (

%
 o

f 
im

it
ia

l v
al

ue
)

Time  (hrs)

Unpunctured

Predicted using accelerated test

Figure 3.12: Comparison of ESR of the two capacitors with time for 4700uF .
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3.3.2 Effect of Multiple Puncturing

Further, the effect of multiple punctures in the capacitors is observed. Three capacitors

are used, with 1, 3 and 5 punctures, respectively. The results are shown in Fig. 3.13.

It is observed that as the number of punctures increases, aging is also accelerated with

respect to that of one puncture. But the gain in acceleration of aging is not significantly

high. With increase in number of holes, more electrolyte surface comes in contact with

atmosphere, thereby causing the vapor pressure of electrolyte to be closer to atmospheric

pressure. The rate with which electrolyte volume would decrease would become constant

for more number of holes. This explains the reason behind the fact that more number of

holes does not give significant advantage in accelerated aging.
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Figure 3.13: Percentage change in ESR for different number of punctures.

3.4 Conclusions

Accelerated degradation by puncturing reduces the time taken for degradation study by

about 16.67 times for capacitor operating at 90 ◦C. This chapter establishes a correlation

between the parameters under punctured degradation with the normal operational life.

The experimental curves for variation of ESR and C with time for punctured and unpunc-

tured capacitors are obtained and the time acceleration factor for the punctured case is

derived. The variation in ESR with time under normal operating conditions is predicted
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from the accelerated tests.



Chapter 4

Online Monitoring Technique for

Aluminum Electrolytic Capacitor in

Solar PV Based DC System

To interconnect low-voltage solar photovoltaics (PV) with dc system, a dc-dc boost con-

verter is required. To minimize the switching frequency oscillations in solar PV voltage,

AECs are connected between solar PV and the converter. ESR of AEC increases with

life, thereby increasing the voltage ripple across PV terminals. This results in less power

extraction from solar PV. This chapter proposes a method for health monitoring of AEC

using the parameters measured for MPPT (PV voltage and current). The proposed tech-

nique is applicable for both CCM and DCM of operation of the converter. Effect of

temperature on ESR is incorporated for accurate determination of the health of capacitor.

Key advantage is that no additional current or voltage sensor is required to implement

this technique, thereby offering a low-cost solution. Further, the proposed technique does

not require significant processing capabilities and is implemented in the same digital con-

troller used for MPPT. Detailed simulation studies are carried out and results are included

in this chapter. A laboratory prototype of dc-dc boost converter is developed for experi-

mentation. Results are in agreement to that obtained from simulation studies.

45
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4.1 Proposed Monitoring Scheme

Fig. 4.1 shows the circuit diagram of a dc-dc boost converter interfacing solar PV to a

dc microgrid. DC microgrid is an interconnection of dc lines on which different loads,

renewable energy sources and grid are connected using power electronics interface[76].

Due to switching behavior of the converter, inductor current includes dc and ripple com-

ponents. To absorb switching current ripples generated by the converter, AECs are con-

nected at the terminals of solar PV. Equivalent circuit of an AEC is represented by a series

combination of resistance (ESR) and capacitance (C). The ripple components of the in-

ductor current flow through AEC due to its low impedance as compared to the solar PV

panel at high frequencies. For optimal utilization of solar PV, MPPT techniques are used

[77]. Solar PV voltage and current are measured and used by the MPPT controller to

determine the duty cycle.

V
R

V
C In

p
u

t 
C

ap
ac

it
o

r 

PV

C

ESR

MPPT Controller

DC

System

Figure 4.1: DC-DC boost converter interfacing solar PV to dc system.

The proposed monitoring technique is shown in Fig. 4.2. The technique is subdivided into

various modules. Solar PV voltage is used to determine the steady-state operation of the

system. After which, mode of operation (CCM or DCM) is determined using PV voltage

and current values. Depending on CCM or DCM operation, corresponding modules are

used to calculate the coefficients required for ESR estimation. These coefficients are

processed through ESR calculation module. This provides the value of ESR at the current

operating temperature. Health of the capacitor is determined using this ESR value along
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Figure 4.2: Proposed technique for health monitoring of AEC.

with the capacitor operating temperature.

4.1.1 Detection of Steady-State Operation

The dc-dc boost converter is controlled by Perturb and Observe (P&O) MPPT algorithm

to ensure maximum power extraction. This algorithm changes the solar PV voltage at

fixed time interval and observes solar PV power. To determine the health of AEC, mea-

surement must be made during steady state operation of the circuit. Therefore, measure-

ments during transient in solar PV voltage must be avoided. Technique reported in [78]

is used to determine the steady state operation. Sampled value of solar PV voltage is

compared with the previous sampled value. If the difference is found to be less than

a threshold (VT H), converter is operating in steady-state. This threshold value accounts
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for quantization error caused by Analogue to Digital Converter (ADC) and that due to

measurement/attenuation circuit. Its value is set to

VT H =
Vrange

2N+1 +Esensing (4.1)

where, Vrange is the full scale voltage range of ADC, N is the number of bits of ADC and

Esensing is the error due to measurement/attenuation circuit.

4.1.2 Detection of Operating Mode

Mode of operation of the converter depends on the average solar PV voltage and current.

Due to variation of solar radiations and panel temperature, PV current and voltage would

change. Therefore, the converter could operate in either DCM or CCM depending on the

aforementioned factors. To determine the CCM mode of operation following condition is

used:
∆Ipk−pk

L
2

6 Iavg
L (4.2)

where ∆Ipk−pk
L is peak to peak inductor ripple current and Iavg

L is the average inductor

current. ∆Ipk−pk
L is given by

∆Ipk−pk
L =

VpvDTs

L
(4.3)

where Vpv is the average solar PV voltage, L is the inductance, D is the duty cycle and

Ts is the switching period. In dc-dc boost converter, average inductor current is equal to

average input (solar PV) current. Using (4.2) and (4.3), condition for CCM is

VpvDTs

L
6 2Ipv (4.4)

where, Ipv is the average solar PV current. Depending on the mode of operation, coeffi-

cients are calculated as follows.
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Figure 4.3: Representative waveforms for CCM: (a) Inductor current (b) Capacitor current
(c) Voltage across ESR (d) Voltage across capacitor.

4.1.3 Calculation of coefficients for CCM

Fig. 4.3 shows the representative waveforms for CCM operation of dc-dc boost converter.

It shows, inductor current, capacitor current, voltage drop due to ESR, and voltage across

ideal capacitor (C). The difference between the solar PV voltages sampled at t = 0 and

t = DTs is due to ESR. Capacitance does not affect this difference as no net charge is

absorbed by the capacitor in this duration

∆Ipk−pk
L ×ESR = {vpv(t)|t=0− vpv(t)|t=DTs} (4.5)

Similarly, the difference between the solar PV voltages sampled at t = DTs/2 and t =

(1+D)Ts/2 is only due to the capacitor. ESR does not affect this difference as current

flowing though capacitor is same at both the instances. Area under the capacitor current

during this period is equal to net charge increased/decreased during this period. Using

(∆Q =C∆V ),
∆Ipk−pk

L ×Ts

8C
=
{

vpv(t)|t=DT s
2
− vpv(t)|t= (1+D)T s

2

}
(4.6)
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Substituting, ∆Ipk−pk
L from (4.3) in (4.5) and (4.6) gives,

ESR =
L×Kccm

Ts
(4.7)

C =
T 2

s ×Accm

8L
(4.8)

where, coefficients Kccm and Accm depends on the operating condition and given by

Kccm =

{
vpv(t)|t=0− vpv(t)|t=DTs

}
VpvD

(4.9)

Accm =
VpvD{

vpv(t)|t=DTs
2
− vpv(t)|t= (1+D)Ts

2

} (4.10)

These coefficients, calculated in this module for CCM operation of converter would be

used for ESR calculation, as discussed in Section 4.1.5.
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Figure 4.4: Representative waveforms for DCM: (a) Inductor current (b) Capacitor current
(c) Voltage across ESR (d) Voltage across capacitor.
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4.1.4 Calculation of coefficients for DCM

For DCM operation, representative waveforms of the inductor current, capacitor current,

voltage drop in ESR, and voltage across C are shown in Fig. 4.4. When the switch is

conducting (0 6 t 6 DTs), the capacitor current is given by,

ic(t) = ic(t)|t=0−
Vpv

L
t 0 6 t 6 DTs (4.11)

where ic(t) is the capacitor current. For DCM operation at t = 0, capacitor current is equal

to the average value of solar PV current

ic(t) = Ipv−
Vpv

L
t 0 6 t 6 DTs (4.12)

Capacitor current crosses zero before t = DTs at

t1 =
LIpv

Vpv
(4.13)

For 0 6 t 6 DTs, voltage across ESR is given by

vESR(t) = ESR
{

Ipv−
Vpv

L
t
}

(4.14)

For 0 6 t 6 DTs, voltage across C is given by

vc(t) =
1
C

∫ t

0
ic(t)dt +Vc(0) (4.15)

Substituting ic(t) from (4.12) in (4.15) and integrating,

vc(t) =Vc(0)+
Ipv

C
t−

Vpv

2LC
t2 (4.16)
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The total capacitor voltage which is same as PV voltage is given by

vpv(t) = vESR(t)+ vc(t) (4.17)

vpv(t) = ESR
{

Ipv−
Vpv

L
t
}
+Vc(0)+

Ipv

C
t−

Vpv

2LC
t2 (4.18)

Evaluating PV voltage at t = 0 and t = 2t1 and subtracting,

(ESR)2Ipv = vpv(t)|t=0− vpv(t)|t=2t1 (4.19)

Similarly, evaluating PV voltage at t = 0 and t = t1 and subtracting,

(ESR)Ipv−
L

2C
I2
pv

Vpv
= vpv(t)|t=0− vpv(t)|t=t1 (4.20)

Substituting ESR from (4.19) in (4.20),

LI2
pv

2CVpv
= vpv(t)|t=t1−

{vpv(t)|t=0 + vpv(t)|t=2t1
2

}
(4.21)

Equations (4.19) and (4.21) are further written as

ESR =
Kdcm

2
(4.22)

C = L×Adcm (4.23)

where coefficients which depend on operating condition are given by,

Kdcm =

{
vpv(t)|t=0− vpv(t)|t=2t1

}
Ipv

(4.24)

Adcm =
I2
pv

2Vpv

{
vpv(t)|t=t1−

{vpv(t)|t=0+vpv(t)|t=2t1
2

}} (4.25)

These coefficients for DCM operation of converter are used in the ESR calculation module

as below.
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4.1.5 ESR Calculation Module

As discussed in sections 4.1.3 and 4.1.4, ESR can be calculated in CCM and DCM oper-

ation by equations (4.7) and (4.22), respectively. Calculation requires L, Ts, PV voltage

and PV current. To avoid error in ESR due these parameter values, following method is

used. Ratio of ESR at any time instant w.r.t its initial value is written using 4.9 and 4.24,

ESR(t)/ESR(0) = Kccm(t)/Kccm(0)

= Kdcm(t)/Kdcm(0) (4.26)

where ESR(0), Kccm(0) and Kdcm(0) are values of these parameters for a new converter.

These values along with the coefficient (Kcccm(t) or Kdcm(t)) are used to determine the

ESR at any time instant using 4.26.

4.1.6 Health Detection Module

ESR value at the current operating temperature is obtained from 4.26. ESR depends on

the operating temperature and cannot be directly used to determine the health of AEC.

Therefore, method discussed in [79] is used to determine the health of AEC. Estimated

ESR value is compared with the initial/healthy value of ESR at the current temperature.

If this ratio is found to be more than a critical value, suitable indications/warning can be

enabled for timely capacitor replacement. This critical value is mentioned in the capacitor

datasheet and is typically between 2-3.

4.2 Results and Discussion

In order to validate the proposed technique, a dc-dc boost converter interconnecting solar

PV and dc microgrid as shown in Fig. 4.1 is used for simulation and experimental stud-
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ies. Electrical specification of PV module is provided in Table 4.1. Parameters of boost

converter and dc microgrid voltage are listed in Table 4.2. Estimation technique shown in

Fig. 4.2, is used to determine the health of the AEC.

Table 4.1: Specification of solar PV.

Parameter Variable Value
Maximum Power PMPP 499 W
Voltage at Pmax VMPP 110 V
Current at Pmax IMPP 4.54 A

Short circuit current ISC 5.1 A
Open circuit voltage VOC 130 V

Temperature coefficient of Voc α 0.03%
Temperature coefficient of Isc β -0.33%

Table 4.2: Converter parameters.

Parameter Variable Value
Inductor L 1.59 mH

Input capacitor (measured) C 410 µF
ESR of input cap. ESR new- 0.0842 Ω

aged- 0.3518 Ω

Switching frequency fs 10 kHz
DC microgrid voltage V0 230 V

4.2.1 Simulation Studies

Simulink/Matlab is used to perform simulation studies. Single diode equivalent model of

solar PV module is realized,

I = Iph− I0

{
e

q(V+IRs)
nkT −1

}
− V + IRs

Rsh
(4.27)

where, q is the charge of electron (1.602×10−19C) and k is Boltzmann constant (1.38×

10−23J/K). Io is the reverse saturation current, n is the diode ideality factor, Rs and Rsh

are series and shunt resistances, respectively. To determine the value of these parameter
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Figure 4.5: Simulation waveforms for converter operating in CCM (a) AC component of
PV voltage (0.2 V/div) and capacitor current (2 A/div) for new capacitor (b) AC com-
ponent of PV voltage (0.2 V/div) and capacitor current (2 A/div) for degraded capacitor;
time: 100 µs/div.

from Table 4.1, technique suggested in [80] is used. Perturb and observe technique is used

for maximum power point tracking. Measurement of PV voltage and current signals for

the controller is made using sample and hold block. Same parameters are also used for the

ESR estimation technique shown in Fig. 4.2. Simulation is performed for solar radiation

of 1000W/m2. Converter is found to be operating in CCM. Solar PV voltage (ac com-

ponent) and capacitor current waveforms for new capacitor (ESR=0.0842 Ω) are shown

in Fig. 4.5(a). To emulate the effect of degradation of the capacitor, ESR is increased

from 0.0842 Ω to 0.298 Ω. Waveforms of Solar PV voltage (ac component) and capacitor

current for degraded capacitor (ESR=0.298 Ω) are shown in Fig. 4.5(b). Current ripple in

both the cases (new and degraded capacitor) is found to be 3.6 Apk−pk. Solar PV voltage

ripple is found to be 0.305 Vpk−pk and 1.08 Vpk−pk in new and degraded capacitor, re-

spectively. Further, ESR is calculated using the proposed technique. For CCM operation

of converter, estimated values of ESR and its error as compared to the actual value for

different level of degradation are listed in Table 4.4.

Similarly, the system is simulated for a reduced value of solar radiation of 200W/m2.
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Figure 4.6: Simulation waveforms for converter operating in DCM (a) AC component
of PV voltage (0.25 V/div) and capacitor current (0.5 A/div) for new capacitor (b) AC
component of PV voltage (0.25 V/div) and capacitor current (0.5 A/div) for degraded
capacitor; time: 100 µs/div.

DCM operation of the converter is observed. Waveforms for new capacitor (ESR=0.0842

Ω) and that for degraded capacitor (ESR=0.3518 Ω) are shown in Figs. 4.6(a) and 4.6(b),

respectively. Table 4.4 shows the estimated values of ESR in DCM operation of converter

using the proposed technique.

The error in estimation of ESR in CCM is found to be less than 0.89% and that in case

of DCM is found to be less than 0.96%. This confirms the performance of the proposed

technique in the simulation environment.

Figure 4.7: Ripple extraction circuit.
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Figure 4.8: Experimental waveforms for CCM (new capacitor) (a) AC component of PV
voltage: Vpv(ac) (100 mV/div) (b) Filtered and amplified PV ripple voltage for DSP:
V(DSP) (500 mV/div) (c) Inductor current: IL (1 A/div) (d) Capacitor current: Ic (1 A/div);
time: 100 µs/div.

Figure 4.9: Experimental waveforms for CCM (degraded capacitor) (a) AC component of
PV voltage: Vpv(ac) (250 mV/div) (b) Filtered and amplified PV ripple voltage for DSP:
V(DSP) (500 mV/div) (c) Inductor current: IL (1 A/div) (d) Capacitor current: Ic (1 A/div);
time: 100 µs/div.

4.2.2 Experimental Results

DC-DC converter shown in Fig. 4.1 is developed for experimentation. Agilent made E-

4360A is used to emulate the solar PV panels. Specifications of the solar PV and converter
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Figure 4.10: Experimental waveforms for DCM (new capacitor): (a) AC component of
PV voltage: Vpv(ac) (100 mV/div) (b) Filtered and amplified PV ripple voltage for DSP:
V(DSP) (500 mV/div) (c) Inductor current: IL (500 mA/div) (d) Capacitor current: Ic (500
mA/div); time: 100 µs/div.

Figure 4.11: Experimental waveform for DCM (degraded capacitor): (a) AC component
of PV voltage: Vpv(ac) (100 mV/div) (b) Filtered and amplified PV ripple voltage for
DSP: V(DSP) (500 mV/div) (c) Inductor current: IL (500 mA/div) (d) Capacitor current: Ic
(500 mA/div); time: 100 µs/div.

are provided in Tables 4.1 and 4.2, respectively. The value of inductance L is determined

from the inductor current waveform during the initial testing of the converter. Estimation

technique shown in Fig. 4.2 is realized in TI made TMS320F2808 DSP. To extract the

ripple component in solar PV voltage, high pass filter circuit (cut-off frequency=596.6
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rad/sec) is used. To increase the accuracy, the output of the filter is amplified by a gain of

2.945 before sampling. The amplified signal is biased with dc offset to ensure the output

signal is in the range of 0-3V. This signal is provided to the ADC of the DSP. Timer

modules of DSP are used to ensure the sampling of voltage at specified instants. The

schematic of the aforementioned circuit is shown in Fig. 4.7.

Experiments are performed for solar radiation of 1000W/m2. AC component in PV volt-

age, filter, and amplified PV voltage ripple for DSP, inductor current, and capacitor current

waveforms for the new capacitor (ESR=0.08420 Ω) are shown in Fig. 4.8. It is observed

that ripple component in inductor current flows through the input capacitor of the boost

converter. This is due to high impedance offered by the PV panel as compared to that by

the capacitor at switching frequency (10kHz). Also, the operation of the high pass and

amplification circuit is validated. To emulate the aging of the capacitor, the increase in

ESR is realized by the addition of small series resistance. Value of series resistance to be

added is calculated from the equation governing the aging of the capacitor [81, 45]. Wave-

forms for degraded capacitor (ESR=0.298 Ω) are shown in Fig. 4.9. Capacitor voltage

ripple in case of new and degraded capacitor is found to be 0.32 Vpk−pk and 0.94 Vpk−pk,

respectively. Table 4.4, shows the estimated and actual values of ESR in CCM operation

of converter. It is observed that the error in estimated values of ESR in the experiments is

less than 3.5%. The estimated values by experimentation and simulation are in agreement

to that measured by the LCR meter.

Similarly, waveforms for solar PV radiation of 200W/m2 with new (ESR=0.0842 Ω) and

degraded capacitor (ESR=0.3518 Ω) are shown in Figs.4.10 and 4.11, respectively. The

estimated ESR values for DCM operation are listed in Table 4.4. The error in estimated

values of ESR is less than 6.2%.

As evident from figs. 4.8 to 4.11, whenever the converter’s switch changes state, there is

noise in the PV voltage. As evident from the expression of coefficients, the PV voltage

has to be sampled at the instant when switch turns on and switch turns off for CCM mode

and for DCM mode whenever the switch turns on. Sampling at these instant would result
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in erroneous and inconsistent results due to the randomness in magnitude of noise. To

avoid this, practically the sampling instants of the PV voltage is shifted. Sampling at the

turning on instant is delayed by few microsecond. Similarly, sampling is done before

the turning off the switch by few microsecond. This would minimize the error in the

calculated value of the ESR as a result of the noise. To avoid measurement error due to

noise originating from the nearby sources, instrumentation amplifier based measurement

circuit and decoupling capacitor could be used to feed the signal for the sampling by ADC

of the DSP.

Table 4.3: Actual and estimated values of ESR in CCM mode of operation for S =
1000W/m2.

Measured ESR Simulation Results Experimental Results
using LCR meter

Kccm
ESR Error

Kccm
ESR Error

(Ω) (Ω) (%) (Ω) (%)
0.1086 0.006798 0.10849 0.104 0.0045786 0.11112 2.372
0.1131 0.007077 0.11294 0.138 0.0047301 0.11485 1.552
0.1274 0.007968 0.12715 0.191 0.0050668 0.12303 3.430
0.1407 0.008794 0.14034 0.254 0.0058916 0.14306 1.676
0.1915 0.011944 0.19060 0.3468 0.0081304 0.19742 3.0915
0.298 0.018507 0.2953 0.890 0.012329 0.29919 0.4013

Table 4.4: Actual and estimated values of ESR in DCM mode of operation for S =
200W/m2.

Measured ESR Simulation Results Experimental Results
using LCR meter

Kccm
ESR Error

Kccm
ESR Error

(Ω) (Ω) (%) (Ω) (%)
0.1174 0.234718 0.11735 0.0390 0.2493 0.1172 0.143
0.1127 0.22536 0.11267 0.0219 0.2373 0.1116 0.978
0.1261 0.252078 0.12603 0.0525 0.2733 0.1286 1.9519
0.1411 0.2849 0.14244 0.9525 0.3185 0.1498 6.167
0.2060 0.41014 0.20506 0.4550 0.4627 0.2176 5.638
0.3518 0.7014 0.35068 0.3168 0.7489 0.3521 0.0985
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4.2.3 Effect of Temperature

To determine the health of AEC, the measured value of ESR is compared with the initial

value of ESR at the same operating temperature. For this, the initial values of ESR at

different operating temperature are measured using LCR meter and this data are plotted

in Fig. 4.12. The equation of ESR as a function of operating temperature, as reported in

[54], is

ESRo(T ) = α +βe−T/γ (4.28)

where α , β and γ are characteristics parameters of the capacitor. Using curve fitting, these

values are found to be α = 0.04311584Ω, β = 0.2643232Ω, and γ = 15.9137589◦C.

Temperature is measured using negative temperature coefficient thermistor. Using the

measured value of temperature in (4.28), the initial value of ESR at the current operating

temperature is calculated in DSP. This initial value of ESR is compared with the current

value to determine the health.

Figure 4.12: ESR variation with temperature for new capacitor.



62

4.3 Conclusions

This chapter proposes a technique for health monitoring of AEC in solar PV system. Key

advantage of the proposed technique is that it is applicable for both the CCM and DCM

operation of the converter. Further, no additional current or voltage sensor is required to

implement this technique, thereby offering a low cost solution. Operation of the scheme

along with mathematical equations is explained in this chapter. Detailed simulation stud-

ies are carried out to verify the efficacy of the scheme. In order to confirm the viability

of the scheme, experimental studies are carried out utilizing a laboratory prototype devel-

oped for the purpose. ESR values obtained from simulation and experimental setup are

compared to that measured using LCR meter. Error in estimated ESR value from simu-

lation and experimentation for CCM operation mode is found to be less than 0.89% and

3.5%, respectively. Further, in DCM mode error in simulation and experimentation is

found to be less than 0.96% and 6.2%, respectively. Results obtained from simulation and

experimentation are in close agreement to that obtained by direct measurement of ESR

using LCR meter.



Chapter 5

Low-Frequency Impedance Monitoring

and Corresponding Failure Criteria for

Aluminum Electrolytic Capacitors

AEC is considered at the end of its life when its capacitance or ESR reaches corresponding

critical values. In literature, it is found that either of these parameters may reach its

critical limit depending on the operating conditions and applications. However, most

of the existing health monitoring techniques of the AEC in dc-dc converters are based

on the estimation of ESR. To address the aforementioned issue, this chapter proposes to

estimate the low-frequency impedance of AEC, which is dominated by its capacitance

value, thereby allowing health monitoring based on the capacitance value. The technique

is based on injection of low frequency current ripple into AEC using duty ratio control

of the dc-dc converter. The parameters of new and aged capacitors are experimentally

obtained at various temperatures and are used to establish the failure criteria. Furthermore,

the proposed method is applicable for both CCM and DCM mode of operation. For

DCM operation, the sampling instant to recover low-frequency waveform is suggested

based on the mathematical analysis. Detailed simulation studies are performed and results

are included in the chapter. Experimentation is carried out on a dc-dc boost converter

63



64

integrating solar PV with the dc system. Experimental results are found to be in agreement

with simulation results.

5.1 Proposed Scheme

5.1.1 Description

Fig. 5.1 shows the circuit diagram of a boost converter interfacing solar PV to a dc

system. AEC is connected at the output of the PV panel to absorb the switching frequency

current ripple of the inductor. For MPPT, PV voltage (vpv) and current (ipv) are measured

to generate the PV reference voltage. This reference voltage is compared with the PV

voltage to produce the inductor current reference (iLre f ). This is further compared with the

inductor current (iL) and passed through a proportional-integral (PI) controller to produce

the modulating signal (Ddc). This modulating signal is fed to a PWM block to generate

the switching signal for converter operation.
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Figure 5.1: PV fed boost converter with the proposed health monitoring scheme.
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Figure 5.2: Flowchart of the proposed technique.

The flowchart of proposed monitoring technique is shown in Fig. 5.2. It is implemented

in the same digital controller that is used for MPPT and control of the converter. Based

on the input PV voltage and current, the input stage determines the steady state of the

converter and its operating mode. Once it has been identified, a small perturbation signal

(dac) of low frequency fp and peak amplitude Dac is generated and added to the original

duty cycle Ddc. This results in the appearance of low-frequency ripple in PV voltage, PV

current, and inductor current as shown in Fig. 5.3. The sampling instant of these signals

are determined based on the the mode of operation of the converter (CCM or DCM),

as discussed in Section 5.1.2. These signals are processed through a filter tuned at the

perturbed frequency to obtain their perturbed frequency component (v fp
pv(t), i fp

pv(t), i fp
L (t)).
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Figure 5.3: Representative waveforms of the boost system during the proposed technique.

The perturbed frequency component of capacitor current is obtained by

i fp
c (t) = i fp

pv(t)− i fp
L (t) (5.1)

The obtained capacitor current i fp
c (t) and v fp

pv(t) are processed to calculate their rms value

(I fp
c,rms and V fp

pv,rms). The low-frequency impedance of capacitor is given by

Zc( fp) =
V fp

pv,rms

I fp
c,rms

(5.2)

The obtained impedance value is compared with the critical value of impedance to deter-

mine the health of the capacitor. If the impedance has crossed the critical value, a warning

signal is sent to the device indicating that soft failure of the AEC has occurred. In case

impedance is within the critical value, the monitoring block waits for a predefined time

period, Tw, after which the aforementioned process repeats. The value of Tw could be set

from few hours to days, depending on the criticalness of the application. This waiting

period is essential to avoid undesired power extraction loss in PV system due to the low-
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frequency perturbation around the operating point. The frequency of the perturbed signal

is chosen as 120 Hz based on the fact that AEC parameters are mentioned by manufactur-

ers at this frequency. Since the perturbation is added to the main modulating duty cycle

which is generated using the controller outer loops, the bandwidth of the loop must be

relaxed to allow for the sufficient perturbation to appear in the PV voltage and inductor

current.

5.1.2 Determination of Sampling Instant

The AEC provides low-impedance path to the switching frequency component of the in-

ductor. Therefore, PV voltage and current have only dc and perturbed (low-frequency)

frequency components and can be sampled at regular intervals to determine this low fre-

quency component. However, inductor current has both high (switching) frequency and

low (perturbed) frequency components. Therefore, the instant of sampling this waveform

needs to be determined such that it accurately represents the low-frequency component.

This instant of sampling depends on the mode of operation of the converter. To identify

the mode of operation, technique suggested in Chapter 4 is used.

IL

Ts

D[n]Ts

Actual waveform,

with ripple

Averaged waveform

< iL[n] >Ts

t[n]

t

   ∆I[n]

Figure 5.4: Inductor current waveform during CCM mode of converter.



68

5.1.2.1 Converter in CCM mode

Fig. 5.4 shows the inductor current waveform, for converter operating in CCM mode,

within nth switching cycle. It can be assumed that the net change in inductor current over

a cycle is very small and, thus, can be ignored. The average inductor current over the

switching cycle is given by

< iL[n]>=
1
Ts

∫ Ts

0
il(t)dt (5.3)

The value of integral depends on the area under the inductor current curve given by

< iL[n]>Ts=
1
2

∆I[n]+ I1[n] (5.4)

where ∆I[n] is the peak to peak inductor ripple current during the nth switching cycle and

I1[n] is the inductor current at the start of the cycle. During the conduction of switch

(D[n]Ts), the inductor current at any instant t is given by

iL[t] =
∆I[n]

D[n]Ts
t + I1[n] (5.5)

Solving (5.4) and (5.5) gives the value of t[n], at which sampling is done to ensure no

switching ripple is present in the sampled value, and it is given by

t[n] =
D[n]

2
Ts (5.6)

For CCM mode of operation, sampling must be done at the midpoint of the on-duration/period

of the switch.
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Figure 5.5: Inductor current waveform during DCM mode of converter.

5.1.2.2 Converter in DCM mode

For converter operating in the DCM mode, inductor current is shown in Fig. 5.5. The

average inductor current is given by

< iL[n]>Ts=
∆I[n]

2
(D[n]+D2[n]) (5.7)

where D2[n]Ts is the time period for which the diode conducts. During the conduction

time of switch, (5.5) remains valid with I1[n] = 0 . Solving (5.7) and (5.5) gives

∆I[n]
D[n]Ts

t[n] =
∆I[n]

2
(D[n]+D2[n]) (5.8)

t[n] =
D[n](D[n]+D2[n])

2
Ts (5.9)

When diode conducts, the inductor current is given by

iL[t] =
vpv[n]− v0[n]

L
t +∆I[n] (5.10)

where vpv[n] and v0[n] are PV input voltage and output dc microgrid voltage in the nth

switching cycle, respectively. At t = D2[n]Ts, inductor current iL[t] is zero resulting in

D2[n]Ts =
∆I[n]L

v0[n]− vpv[n]
(5.11)
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Further simplification using ∆I[n]L = vpv[n]DTs, results in

D2[n]Ts =
vpv[n]

v0[n]− vpv[n]
D[n]Ts (5.12)

Inserting this expression in (6.2) results in

t[n] =
v0[n]

2(v0[n]− vpv[n])
D[n]2Ts (5.13)

Since all the above quantities are known, the sampling instant of the signal within a

switching cycle is calculated using (5.13).

5.2 Proposed Failure Criteria Based on Low Frequency

Impedance

To assess the health of the AEC, the obtained value of the impedance at the current op-

erating temperature is compared with that of the new capacitor at the same temperature.

If their ratio exceeds the critical value, then it is declared unfit for the application. This

section discusses the impedance characteristic of a new AEC when subjected to different

operating temperatures. Furthermore, this section also discusses the failure criteria based

on impedance.

The sound capacitor under investigation (410 µF capacitor) is heated in an oven at dif-

ferent temperatures ranging from 30◦C to 70◦C. An LCR meter is used to measure its

impedance at 120 Hz. The impedance variation with temperature is recorded and plotted

in Fig. 5.6. Curve fitting is done to obtain the following relation between Zc(120Hz) and

temperature of a new capacitor

Zc(new)(120 Hz,T ) = α +βT + γT 2 (5.14)

where α = 3.326 Ω, β = −0.004049 Ω/◦C, and γ = 0.0000141 Ω/◦C2. The root-
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mean-square error (RMSE) of the predicted impedance temperature model with respect

to the observed value is 1.3×10−3 and the R squared value is 0.9989 indicating that the

quadratic model closely matches the observed data. The quadratic fit is done to ensure

better accuracy. For the linear fit, the root mean-square is 2.9× 10−3 and the R squared

value is 0.9939 (α = 3.295 Ω and β =−0.002672 Ω/◦C, and γ = 0), is good enough and

could be implemented. Using the measured value of the temperature of the capacitor, the

equation calculates Zc(new)(120Hz,T ) inside the DSP.

To determine the failure criteria, it is necessary to investigate whether the ratio of low-

frequency impedance of old to the new capacitor would remain constant (independent of

the operating temperature) or would change with the temperature. The capacitor is sub-

jected to accelerated aging by puncturing it from the top as suggested in[35]. This process

of accelerated degradation reduces the time to failure of capacitor drastically and thereby

allows testing the proposed method in a limited time frame. The capacitor is placed in an

oven at a constant temperature of 105◦C for several hours, which leads to its degradation.

Thereafter, it is removed from the oven and cooled down to room temperature. The capac-

itor is now heated in the oven to different temperatures ranging from 30◦C to 75◦C. The

oven temperature is increased in steps every half an hour and at each step, the impedance
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Table 5.1: Specifications of system.

Parameter Variable Value
Maximum Power PMPP 467 W
Voltage at Pmax VMPP 100.22 V
Current at Pmax IMPP 4.66 A

Short circuit current ISC 5.1 A
Open circuit voltage VOC 125 V

Temperature coefficient of Voc α -0.34%
Temperature coefficient of Isc β 0.034%

is measured using LCR meter. This process of periodic heating at 105◦C and temperature

characterization are repeated multiple times, and the plots of impedance variation with the

temperature at different stages of aging are obtained as shown in Fig. 5.6. It is observed

from the plot that the impedance ratio of the aged capacitor and new capacitor evaluated

at the same temperature is constant. Since the low-frequency impedance of capacitor is

dominated by the capacitance value, the criteria for failure of the AEC defined in terms

of the capacitance value change must be used. So, manufacturers’ specification of taking

20% reduction in capacitance value as criteria for failure will result in declaring AEC un-

usable when its low-frequency impedance increases to 1.2 times of its initial value. The

degraded capacitor at different stages of aging is used in the dc-dc boost converter for

verification of the proposed technique.

5.3 Results and Discussion

The proposed technique is validated on a boost converter interconnecting solar PV panel

and dc microgrid, as shown in Fig. 5.1. Electrical specifications of the PV module and the

dc microgrid are listed in Table 5.1. The specifications of various components in the boost

converter are listed in Table 5.2. To determine the operating temperature of the capacitor,

a NTC thermistor based temperature sensor is used. The thermistor is fixed on top of the

capacitor.
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Table 5.2: Converter components.

Parameter Variable Value
Inductor L 1.59 mH

Input Capacitor C 410 µF
ESR of input Cap. ESR 0.0842 Ω

Output capacitor Co 940 µF
Switch (IGBT and diode) - FSBB20CH60C module

Switching frequency fs 10 kHz
DC microgrid voltage V0 230 V

Digital signal processor - TMS320F2808

5.3.1 Simulation

The dc-dc boost converter interfacing solar PV with the dc microgrid, as shown in Fig.

5.1, is simulated in the MATLAB/Simulink platform. Specifications of the converter

components are given in Table 5.2. To emulate the PV source, single diode equivalent

model of the PV cell is used. The I-V equation of PV is expressed as

I = Iph− I0

{
e

q(V+IRs)
AKT −1

}
− V + IRs

Rsh
(5.15)

where I0 is the reverse saturation current, q is the charge of electron (1.602×10−19C), A is

the curve fitting factor, K is Boltzmann constant (1.38×10−23J/K), Rs and Rsh represent

series and shunt resistance, respectively. The above equation has unknown parameters,

which can be determined from the specifications mentioned in PV panel data-sheet using

the method outlined in[80]. PV voltage, PV current, and inductor current are sampled

using sample and hold block. For MPPT, Perturb and observe (P&O) algorithm is used.

The converter works in the CCM at an irradiance level of S = 1000W/m2. Using the

proposed method, 120 Hz( fp) sinusoidal signal is injected in the converter. The peak to

peak magnitude of the perturbed signal (dac) is 0.89% of the original duty cycle (Ddc).

Fig. 5.7 shows the PV voltage, PV current, and inductor current (ac component) for the

sound capacitor (Zc( fp) = 3.142 Ω). Due to perturbation, resultant peak-to-peak value
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Figure 5.7: Simulation waveform for capacitor of impedance 3.142 Ω when converter
operates in CCM mode; time: 2 ms/div.

of 120 Hz component of PV voltage and PV current is 3.2 V and 0.14 A respectively.

As discussed in Section 5.1.2.1, inductor current is sampled at the midpoint of the on-

duration of the switch to recover the perturbed frequency component. Fourier analysis of

the actual and sampled inductor current is shown in Fig. 5.9. From the FFT plots, it is

evident that the perturbed frequency component is same for both the actual and sampled

inductor current. The RMS value of the PV voltage and capacitor current is found to

be 1.241 V and 0.3949 A, respectively. The impedance of the capacitor is increased in

steps for simulation. Table 5.3 shows the impedance values obtained from the proposed

technique compared with the value of capacitor impedance used in the simulation. For

impedance value of 3.768 Ω, the RMS value of PV ripple voltage and capacitor current

are found to be 1.136 V and 0.3013 A, respectively.

Similarly, the converter is found to be operating in the DCM when PV panel radiation

level decreases to S = 200W/m2. Fig. 5.8 shows the simulation waveforms with the

capacitance impedance value of 3.142 Ω. The perturbed duty cycle (dac) peak to peak

magnitude is 0.055 while the steady state value of duty cycle (Ddc) is 0.435. The resultant

peak-to-peak value of 120 Hz component PV voltage and current is 1.6 V and 0.012 A,
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Figure 5.8: Simulation waveform for capacitor of impedance 3.142 Ω when converter
operates in DCM mode; time: 2 ms/div.

respectively. For the DCM, sampling of inductor current is done, as discussed in Section

5.1.2.2. Since the inductor current is sampled to recover the perturbed frequency compo-

nent in the controller, FFT is performed on the sampled current to verify the effectiveness

of sampling method suggested in Section 5.1.2.2. The FFT plots of the actual and sam-

pled inductor current are shown in the Fig. 5.10. From the analysis, it is observed that the

perturbed frequency component is estimated accurately by using the suggested sampling

instants. The resulting impedance value obtained from the proposed technique is shown in

Table 5.3. It is observed that the impedance value obtained using the proposed technique

is very close to the actual value of impedance.

Following are the effects of incorporating the proposed scheme on solar-PV-based dc-dc

converter system:

1. Due to low-frequency perturbation, PV voltage and PV current would oscillate at

the same frequency. The peak to peak magnitude of the perturbed signal (dac) is

0.89% of the original duty cycle (Ddc). This results in oscillation of 120 Hz in

PV voltage (3.2 Vpk−pk) and PV current (0.14 Apk−pk) in the CCM. Without any



76

Table 5.3: Actual and estimated value of impedance using simulation for different modes
of operation.

Actual value (Ω)
CCM mode for S = 1000W/m2 DCM mode for S = 200W/m2

Impedance (Ω) Error (%) Impedance (Ω) Error (%)
3.142 3.143 0.032 3.133 0.286
3.207 3.208 0.0311 3.198 0.281
3.241 3.242 0.0308 3.232 0.278
3.281 3.282 0.0303 3.271 0.305
3.299 3.300 0.0290 3.290 0.273
3.456 3.457 0.0289 3.446 0.289
3.613 3.614 0.0278 3.603 0.277
3.768 3.769 0.0265 3.759 0.239

perturbation, average power extracted is 466.9 W, while with perturbation, its value

is 466.5 W. Similarly, for the DCM, decrease in the average power extracted is

0.03 W as compared to the average value of 82.96 W. The reduction in the power

extracted due to perturbation is much smaller than the average power in both CCM

and DCM cases. Therefore, this does not have significant effect on the performance

of the system.

2. The perturbation in duty cycle is injected for few cycle (20-25 cycles of 120Hz),

to allow measurement of low frequency impedance. Thus, the duration of circuit

operating with perturbation is about 166-208ms. This perturbation is not continuous

and is repeated after long normal operation period of the circuit. This perturbation
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Figure 5.9: Low frequency harmonic content of (a) Actual inductor current (b) Sampled
inductor current for converter operating in CCM mode.
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Figure 5.10: Low frequency harmonic content of (a) Actual inductor current (b) Sampled
inductor current for converter operating in DCM mode.

is repeated about once a week when AEC is new to about every day once AEC

approaches end of life. Therefore, the time period for which the circuit operated in

this mode (perturbed duty cycle) is negligible as compared to the duration of normal

operation.

3. The RMS value of inductor current during normal operation is 4.761 A. In case

of perturbation in duty cycle, the RMS value of inductor current increase to 4.775

A. Due to insignificant increase in RMS value, losses and stress in inductor and

switches remain almost the same as in the case of normal operation.

5.3.2 Experimental Result

An Agilent-made E-4360A modular solar array simulator is used to emulate the PV panel

of specifications given in Table 5.1. For experimentation, a dc-dc boost converter is de-

veloped with the specification of Table 5.2. Switches are implemented using a Fairchild

FSBB20CH60C IGBT module. The current sensors are realized using LEM made LA25-

P current transducers. TI-made TMS320F2808 DSP is used to control the converter. The

proposed technique is implemented in the same digital controller. The inputs to DSP are

the PV voltage, PV current, inductor current, and the capacitor temperature. For extract-

ing the ripple component (switching and perturb frequency component), a high pass filter
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Figure 5.11: Ripple extraction circuit.

is designed as shown in Fig. 5.11.

The cutoff frequency of the designed filter is fixed to 10 Hz to ensure that the dc compo-

nent is blocked, and the perturb frequency component is passed with unity gain. Signals

are amplified to ensure accuracy in measurement and biased with the dc offset to make

the input to the ADC of DSP within 0–3 V. Based on the converter mode of operation, the

timer module of the DSP samples the voltage/current at the specific instant. For calcula-

tions in the DSP, these signals are scaled back to their original values. The capacitor cur-

rent is obtained as the difference between sampled PV current and inductor current. The

digital filter tuned at the perturbed frequency is implemented inside the DSP to extract the

perturbed component of PV voltage and capacitor current. The obtained capacitor current

and PV voltage are processed to calculate their RMS values. Their ratio is the impedance

of the AEC connected in the circuit.

For the CCM, the solar panel irradiance level is set to S = 1000W/m2. The 120 Hz

sinusoidal perturb signal is generated and added to the steady state duty cycle inside the

DSP. The PV terminal voltage, PV current, inductor current, and capacitor current are

recorded in the ac mode for capacitor (Zc( fp)= 3.207 Ω) and is shown in Fig. 5.12. It is

observed from the waveforms that the PV voltage and PV current do not have switching

frequency component. Similar results are obtained for different levels of degradation of

the capacitor of impedance and the impedance values are tabulated in Table 5.4.

For the DCM, the solar panel irradiance level is set to S = 200W/m2. For the capaci-
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Figure 5.12: Experimental waveforms for CCM (capacitor impedance=3.207 Ω) (a) PV
voltage ac ripple: Vpv(ac)(2.50 V/div)(b) PV current ac ripple : ipv(ac)(100 mA/div (c)
Inductor current ripple (ac): iL (1 A/div) (d) Capacitor current: Ic(ac) (1 A/div); time: 2
ms/div.

tor, (Zc( fp)= 3.207 Ω) oscilloscope traces of PV terminal voltage, PV current, inductor

current, and capacitor current are recorded in ac mode and is shown in Fig. 5.13. The

experiment is repeated with aged capacitor (Zc( fp)= 3.241 Ω, 3.281 Ω). The impedance
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Figure 5.13: Experimental waveforms for DCM (capacitor impedance =3.207 Ω) (a) PV
voltage ac ripple: Vpv(ac)(500 mV/div)(b) PV current ac ripple : ipv(ac)(20 mA/div (c)
Inductor current ripple (ac): iL (1 A/div) (d) Capacitor current: Ic(ac) (1 A/div); time: 2
ms/div.
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obtained using proposed technique is tabulated in Table 5.4. The maximum error in es-

timation of capacitor impedance is 0.335 % and 0.64 % for converter operating in the

CCM and the DCM, respectively. The reason for the comparatively higher error in DCM

mode lies in the fact that for low-frequency impedance estimation, the sampled value

of PV voltage, PV current, and inductor current are required. The perturbed frequency

components in the PV voltage and current are accurately recovered as they do not have

considerable switching component. For estimation of the perturbed frequency component

of inductor current, sampling instant is decided based on the mode of converter operation.

As suggested in Section 5.1.2.1, for the CCM, sampling must be done at the midpoint of

the on-duration/period of the switch. For the DCM, the sampling instant is dependent on

sensed input and output voltages. Therefore, error in sensing the voltages would result

in error in sampling instant in the case of DCM operation. This error is reflected in the

experimentally obtained value of capacitor impedance.

Table 5.4: Actual and estimated value of impedance obtained experimentally for different
modes of operation.

Actual value CCM mode for S = 1000W/m2 DCM mode for S = 200W/m2

from LCR meter Impedance Error Impedance Error
(Ω) (Ω) (%) (Ω) (%)

3.207 3.21 0.0935 3.20 0.218
3.241 3.24 0.0308 3.23 0.34
3.281 3.27 0.335 3.26 0.64

5.4 Conclusions

This chapter proposes a novel method to measure the low-frequency impedance of AEC

for its health monitoring in a boost-converter-based dc system. The low-frequency oscilla-

tion is induced in the capacitor by sinusoidal variation of duty cycle around its steady-state

value. Following are the key conclusions,

1. The technique is applicable to both the CCM and the DCM mode of operation of
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converter. Suitable modification in sampling instant using mathematical analysis is

suggested to recover low-frequency perturbed signal.

2. The proposed technique estimates the low-frequency impedance, thereby providing

a better indicator of the health of the AEC. This is in conformation with the result

of degradation analysis reported in previous researches.

3. Key advantage is that estimation of impedance is done using the voltage and current

sensors are utilized for MPPT and control operation, and the computation is done

in the digital controller used for the MPPT.

4. Detailed simulation is carried out to validate the proposed scheme. The impedance

obtained using the technique is in close agreement to that used in the simulation

circuit.

5. Accelerated aging using puncturing is carried out to validate the proposed scheme

experimentally. Furthermore, criteria for failure of AEC independent of the operat-

ing temperature is determined.

6. A laboratory prototype of the dc-dc boost converter is developed to verify the mon-

itoring technique for the converter operating in both the CCM and the DCM. The

impedance of the AEC obtained using this technique is in close agreement to that

obtained using the LCR meter. Maximum error of 0.335% is observed in CCM

operation and 0.64% in DCM operation.





Chapter 6

Non-invasive Technique for DC-link

Capacitance Estimation in Single-Phase

Inverters

With increased penetration of renewable sources, single-phase grid connected converter

are finding increased applications. Condition monitoring of dc-link capacitor is required

for preventive maintenance, which improves the reliability of the overall system. Signifi-

cant literature on condition monitoring techniques for the capacitor are applicable to three

phase converter or three stage ac/dc/ac converters. Recent publications on health monitor-

ing in single-phase converters require either configuring/operating converter in a specific

mode or quantify aging of AEC in variables other than ESR and capacitance of AEC. This

chapter proposes an online non-invasive technique to estimate the capacitance of dc-link,

which is a better indicator for health assessment of the AEC. Estimation of capacitance

is done using the available measurement for the converter control and is implemented in

the same digital controller used for control of converter. Simulation and experimental

verification are carried out on a prototype of single-phase grid connected system.

83
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Figure 6.1: Single-phase grid connected PV inverter.

6.1 Proposed Scheme

6.1.1 Description

Fig. 6.1 shows a PV fed dc-ac converter connected to single-phase grid with the digital

controller. Generally, the digital controller samples PV voltage (Vpv), current (Ipv) and

grid current (Ig) at the rate same as switching frequency. These sampled signals are pro-

cessed to generate the modulating signal (m(t)) for PWM block. PWM block generates

the gating signals for different switches of the converter. At any instant of time ’t’, the

instantaneous dc-link voltage is given by

vpv(t) = ESR× ic(t)+
1
C

∫ t

0
ic(t)dt +Vc(0) (6.1)

where ic(t) and Vc(0) are instantaneous capacitor current and initial capacitor voltage,

respectively. Evaluating dc-link voltage at any two instants and then thereafter subtracting

gives

vpv(t2)− vpv(t1) = ESR×{ic(t2)− ic(t1)}+
1
C

∫ t2

t1
ic(t)dt (6.2)
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Figure 6.2: Capacitor current and averaged capacitor current over switching cycle.

Neglecting switching frequency ripple in the dc link voltage and selecting two instants t1

and t2 such that average capacitor currents, ic(t1) = ic(t2) = 0 results

vpv(t2)− vpv(t1) =
1
C

∫ t2

t1
ic(t)dt (6.3)

Rearranging (6.3) gives the value of capacitance as

C =

∫ t2
t1 ic(t)dt

vpv(t2)− vpv(t1)
(6.4)

Red trace of Fig. 6.2 shows the waveform of capacitor current. The capacitor current

(ic(t)) has second harmonic grid frequency and switching frequency component. Since

there is no dedicated current sensor to measure capacitor current, it is evaluated indirectly

using grid side inductor current (ig) and PV current (ipv). Capacitor current is given by

ic(t) = ipv(t)− idc(t) (6.5)

where, idc(t) is the dc-link current. Dc-link current at any instant can be obtained using,

idc(t) = ig(t)× (S1.S4−S2.S3) (6.6)

where, S1, S2, S3, and S4 are the state of switches which can assume value 0 or 1 depending

on whether the switch is turn off or tune on, respectively. Since the switching states are

not available inside the controller, the expression (6.6) is averaged over a switching period

to obtain

< idc(t)>=< ig(t)>< (S1.S4−S2.S3)> (6.7)
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Figure 6.3: Proposed health monitoring module.

where average of switching states is given by instantaneous modulation signal which is

equal to m(t). Since the switching frequency is high, it can be assumed to remain constant

over a switching cycle. Evaluating the average capacitor current over a switching cycle

using (6.5) results in

< ic(t)>=< ipv(t)>−< ig(t)>< m(t)> (6.8)

As sampling rate is equal to switching frequency, the reconstructed capacitor current

would have only component at twice the grid frequency. The black trace in Fig. 6.2

shows averaged capacitor current (ic[n]). ic[n] would become zero twice every half of the

grid period. The zero crossing instant of the average capacitor current is also shown. Fur-

ther, the sampling of PV voltage at consecutive zero crossing of average capacitor current

would result in the maximum voltage difference between these points and thereby would

minimize the error due to measurement circuits.

6.1.2 Health Monitoring Module

The proposed health monitoring module to evaluate capacitance using (6.4) is shown in

Fig. 6.3. It is implemented inside the digital controller along with inverter controller. The

module is further divided into charge calculation, net voltage calculation, and capacitance

estimation module. Inside the voltage calculation module, zero crossing detection block

detects the zero crossing of ic[n]. This is detected by taking product of the current value
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ic[n] and previous value of ic[n− 1]. If this value comes out to be negative, it implies

that there is a zero crossing. At that instant, the dc-link voltage is sampled and stored in

the digital controller. Whenever next zero crossing occurs, the sampled value of dc-link

voltage (vpv(t2) at that instant is subtracted from the previously stored value (vpv(t1)), to

obtain the net change in the voltage during this time.

In charge calculation module, the accumulation of charge on capacitor between the two

consecutive zero crossing of the capacitor current is estimated. Whenever the average

capacitor current ic[n] becomes positive, the current is passed to net charge calculation

block. There it is multiplied with switching time (Ts) and added to the previous value of

charge to obtain the current net charge on the capacitor. This process continues till the

average capacitor current again returns to zero.

The output of the charge calculation and voltage calculation module is fed to the capaci-

tance estimation module. Capacitance value is calculated as a ratio of change in charge to

the change in voltage during the consecutive zero crossing of the average capacitor cur-

rent. The capacitance value obtained is the AEC’s capacitance at twice the grid frequency.

A negative temperature coefficient (NTC) thermistor based temperature sensing circuit is

designed and fixed at the lead of capacitor to estimate the temperature of the capacitor.

Since capacitance depends on the operating temperature, estimated capacitance value is

compared with its initial healthy value at the current temperature. If the capacitance has

decreased below 80% of its initial value, it is considered to be failed. A warning signal is

sent to replace the capacitor to maintain the healthy operation of the converter.
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Table 6.1: Specification of system.

Parameter Variable Value
Maximum Power PMPP 114.75 W
Voltage at Pmax VMPP 85.0 V
Current at Pmax IMPP 1.35 A

Short circuit current ISC 1.8 A
Open circuit voltage VOC 100 V

Grid voltage Vg 40 Vrms
Grid frequency fo 50 Hz

Switching frequency fs 10 kHz
Filter inductor L 3.7 mH

Dc-link capacitance C 470µF

6.2 Results and Discussion

6.2.1 Simulation Studies

The proposed technique is implemented on a single-phase dc-ac grid connected PV sys-

tem to estimate the capacitance of the dc-link capacitor. Table 6.1 provides the spec-

ifications of PV grid connected converter system used for simulation purpose in Mat-

lab/Simulink. PV source is modeled using the single diode equivalent model. Sample and

hold block is used to sample the PV voltage, PV current and grid current.

Healthy capacitor having capacitance of C = 470µF is used in the dc-link of converter

operating at unity power factor. The net charge accumulated on the capacitor, averaged

capacitor current, and dc-link voltage are shown in Fig. 6.4(a) and 6.4(b), respectively.

The total charge accumulated (Q) on the capacitor during the consecutive zero crossing of

the capacitor is 4.3709×10−4C and the change in dc-link voltage (V ) during this time (Tc)

is 9.291 V . The estimated value of the capacitance comes out to be 470.2µF which is very

close to the used value of the capacitance in dc-link. The capacitor aging is simulated by

decreasing its capacitance value till it reaches the 80% of its initial value (376µF). With

the capacitance of 376µF in the dc-link of the inverter, the charge accumulated and dc-
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Figure 6.4: Waveform for new capacitor (470µF) (a) Red trace: Average capacitor cur-
rent (2 A/div), Blue trace: Output of charge calculation module (0.005 C/div) (b) Dc-link
ripple voltage (10V/div); time: 0.01 s/div.

link voltage is shown in Fig. 6.5(a) and 6.5(b), respectively. The net change in dc-link

voltage during consecutive zero crossing of capacitor current is 11.6072 V . The value of

estimated capacitance comes out to be 376.2µF which is close to its actual value. In order

to prove the efficacy of the proposed method for estimation of capacitance, the converter

is operated at different power factors (0.8 PF lagging and 0.8 PF leading). The estimated

value of the capacitance for different power factor and capacitance value in dc-link is

listed in Table 6.2. The maximum error in estimation is 0.74%. The calculation of ca-

pacitance is done using the charge accumulated on capacitor between the two consecutive

zero crossing of the capacitor current and net change in the PV voltage. Since the sam-

pling of the signals are done every switching cycle, it may or may not be possible to detect

exact zero crossing due to discrete value of the current as shown in Fig. 6.6. Therefore,

a threshold value of +-0.05 A has been set. During this period, no charge is calculated in

the charge calculation module. For converter operating at power factor other from unity,

the average PV current decreases, thereby resulting in more error in net charge calculation

because of the threshold value. This is reflected in the estimated capacitance value.

6.2.2 Experimental Results

For experimentation, Agilent-made E-4360A is used to emulate the solar PV system and

the system specification is same as used in the simulation, provided in Table 6.1. Proposed
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Figure 6.6: Estimated capacitor current and its zoomed view.

estimation technique is implemented in TI made TMS320F2808 DSP, which besides this

also performs MPPT and control operation of the grid connected converter. The exper-

imental set up is shown in Fig. 6.7. The inverter PWM voltage, dc-link voltage, grid

current, and PV current are shown in Fig. 6.8. The converter is feeding power to grid

at 0.98 power factor. ADC module of DSP samples the dc-link voltage, grid current and

PV current. Inside the charge calculation module, capacitor current is reconstructed using

these measurements. The zero crossing is identified and the net charge on the capacitor

during this duration is calculated.

The net change in dc-link voltage is also recorded in the voltage module. Capacitance is

calculated using these values inside the capacitance estimation module. Capacitor of dif-

ferent capacitance (408µF and 818µF) are used in the dc-link to estimate its value using

the proposed algorithm. Using oscilloscope, average reconstructed capacitor current, and

dc-link voltage inside the controller for dc-link capacitance of 408µF are shown in Fig.
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Table 6.2: Actual and estimated value of capacitance using simulation.

Actual value
(µF)

Estimated capacitance
(µF)

PF=1 PF=0.8 (lagging) PF=0.8(leading)
470 470.2 467.4 472.9
451 450.8 448.3 453.2
432 431.7 429 434.7
404 404.4 401.2 406.7
394 394.3 391.3 396.3
376 376.2 373.9 378.8

Transformer

DSP

DC-link 

capacitor

IGBT 

board

Solar Array Simulator

Linear 

Power 

Supply

Sensing 

Board

Figure 6.7: Experimental setup.

6.9. Since the depicted waveform is obtained as the output of DSP, it is scaled back to

its original value. The peak to peak ripple voltage of dc-link is found to be 12 V . The

average capacitor current peak to peak ripple is found to be 1.2 A. Using the proposed

technique, the obtained estimated value and the percentage error is tabulated in Table 6.3.

The maximum error is found to be 2.56% which proves the efficacy of the technique.
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Figure 6.8: Waveform of dc-link voltage (50 V/div), inverter PWM output volatge (50
V/div), grid current (5 A/div) and PV current (1 A/div); time: 0.01 s/div.

Figure 6.9: Waveform of filtered component of sampled dc-link voltage and reconstructed
capacitor current for capacitance of 408µF in the dc-link; time: 0.005 s/div.

Table 6.3: Actual and estimated value of capacitance obtained experimentally.

Actual value
from LCR meter (µF)

Estimated value (µF) % error

408 402 1.47
818 797 2.56

6.3 Conclusions

An online technique to monitor the health of dc-link capacitor of single-phase grid con-

nected inverter system is proposed in this chapter. The identification of aging is suggested

based on the estimation of capacitance. The key advantage is that the identified parameter



93

for monitoring is capacitance which is a well established indicator of aging. Furthermore,

the proposed technique is non-invasive and does not require any additional sensors except

those required for control purpose. The efficacy of the method is verified by both simula-

tion and experimentation on a prototype of grid connected inverter. The maximum error

in the estimated value of capacitance from the simulation is 0.74%. Experimentation with

the different sets of capacitor gives a maximum error of 2.56% in the estimation of ca-

pacitance. Since this method is based on utilizing second harmonic oscillations in dc-link

voltage and current, it can be extended for other single-phase inverter applications





Chapter 7

Conclusion and Future Scope

This chapter presents the concluding remarks of the thesis. The scope for the further

research in the field of condition monitoring is also outlined at the end of this chapter

7.1 Conclusions and Contribution

The aim of the thesis is to design and demonstrate online health monitoring techniques for

AECs to be used in condition monitoring based maintenance strategy in power electron-

ics converter. Initially, a theoretical framework for modeling of AEC under accelerated

degradation using puncturing is presented. A procedure for correlation of degradation in

punctured and unpunctured capacitor is also outlined. Using experimental analysis for

degradation in punctured and unpunctured at 90◦C, it is shown that a suitable factor could

relate the degradation in the two cases.

The second part of thesis focuses on condition monitoring of AEC used in dc-dc converter

of PV system. The proposed approach is applicable for both continuous conduction mode

and discontinuous conduction mode of operations of the converter. First a technique based

on estimation of ESR is suggested. The operation of the scheme along with mathemati-

cal equations are explained in detail. Simulation studies using MATLAB-Simulink were

95
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carried out to verify the efficacy of the scheme. In order to confirm the viability of the

scheme, experimental studies were carried out utilizing a laboratory prototype developed

for the purpose. ESR values obtained from the simulation and experimental setup were

compared to that measured using LCR meter. Since the degradation analysis of AECs un-

der electrical and thermal overstress have shown that capacitance value reaches its failure

limit before the ESR value reaches its limit. The next part of thesis addresses the afore-

mentioned issue by proposing an online technique to estimate low frequency impedance

of AEC. Since the proposed technique introduce low frequency perturbation in the con-

verter using duty ratio control of the converter, suitable modification in the sampling

instant using mathematical analysis is suggested to recover the low-frequency perturbed

signal. Detailed simulation is carried out to validate the proposed scheme. The impedance

obtained using the technique is in close agreement to that used in the simulation circuit.

Accelerated aging using puncturing is carried out to validate the proposed scheme ex-

perimentally. Furthermore, criteria for failure of the AEC independent of the operating

temperature are determined. Experimentation is carried out on a dc-dc boost converter

integrating solar photovoltaic with the dc system. Experimental results are found to be in

agreement with simulation results.

Last part of the thesis suggests technique for estimating capacitance for condition moni-

toring of dc-link capacitor in single-phase grid connected converter which are popular in

renewable sources. The proposed technique addresses the limitation of previously pro-

posed techniques in literature which require either configuring/operating converter in a

specific mode or quantifying aging of AEC in variables other than ESR and capacitance

(C). The proposed method is based on utilizing second harmonic oscillations in dc-link

voltage and current. The technique is non-invasive and does not require any additional

sensors except those required for control purpose. The efficacy of the method is verified

by both simulation and experimentation on a prototype of grid connected inverter.
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7.2 Scope of Future Research

A few proposals for the future research in this field are:

1. The capacitor under investigation in this thesis is AEC. In few applications, metal-

lized film capacitors are used instead of AEC because of their high surge voltage

withstand and RMS current capabilities. Lifetime model suggested in literature ac-

counts for voltage, ripple current and temperature stresses. However, the effect of

coupling between different stresses on lifetime model has to been investigated.

2. The online techniques suggested in the thesis covers only dc-dc and single-phase

dc-ac converter. Non-invasive technique suggested in the thesis does not require

current sensor for capacitor current estimation but is estimated indirectly using the

available measured signal for control purpose. Developing non-invasive technique

for three phase converter is challenging as the dc-link current has only switching

frequency component which cannot be retrieved using only measured value of in-

ductor current and modulation signal. Therefore, a different approach needs to be

investigated for health monitoring of AEC in three phase converter.

3. The thesis is limited to the condition monitoring of single capacitor. Therefore,

online methods that could monitor individual capacitor used in capacitor bank are

required and research could be focused in this direction.

4. Since the thesis is focused on condition monitoring, these methods could be utilized

for developing prognostic method for AEC.





Bibliography

[1] N. G. Dhere, “Reliability of pv modules and balance-of-system components,” in

Proceedings 31st IEEE Photovoltaic Specialist Conference, pp. 1570–1576, 2005.

[2] W. Bower, “Inverters-critical photovoltaic balance-of-system components: status,

issues, and new-millennium opportunities,” Progress in Photovoltaics: Research

and Applications, vol. 8, no. 1, pp. 113–126, 2000.

[3] L. M. Moore and H. N. Post, “Five years of operating experience at a large, utility-

scale photovoltaic generating plant,” Progress in Photovoltaics: Research and Ap-

plications, vol. 16, no. 3, pp. 249–259, 2008.

[4] J. Ribrant and L. Bertling, “Survey of failures in wind power systems with focus

on swedisah wind power plants during 1997-2005,” IEEE Transactions on Energy

Conversions, vol. 22, no. 1, pp. 167–173, 2007.
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