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ABSTRACT 

This study demonstrated an accelerated life test method for off-line LED drivers that 

use electrolytic capacitors at the output stage. Estimating the failure rate of power 

components suggests that the electrolytic capacitor used at the output stage of an off-line 

light emitting diode (LED) driver is the weakest link among all components. As an 

electrolytic capacitor degrades, its capacitance decreases and its equivalent series 

resistance (ESR) increases, both effects contributing to the increase of output current 

ripple of the LED drivers. Thus, the amplitude of the output current ripple is a good 

indicator of the degradation level of the output electrolytic capacitor. This study focuses 

on the parametric type of failure of the LED driver. In this study, temperature was 

selected as the acceleration factor because LED drivers are usually exposed to elevated 

temperatures in typical application environments. The current ripple is experimentally 

found to have a negative impact on light output and efficacy. So the useful life for LED 

drivers is proposed as the time it takes to reach a point when the rate of change of output 

current ripple reaches a maximum. Then the relationship between the capacitor’s 

positive pin temperature and the useful life of the LED driver was established using the 

proposed useful life definition. The accelerated life test shows that the LED driver’s 

useful life is shortened exponentially as the output electrolytic capacitor’s operating 

temperature increases. Although this method may not be applicable to every LED driver 

on the market, it begins to identify methods that can be used for predicting the useful life 

of LED drivers of similar topologies. 
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1. Introduction 

Lighting emitting diodes (LED) are beginning to experience widespread use in many 

lighting applications. One of the promises it offers is long operating life. A few 

commercial high power (HP) LEDs have achieved over 100 lm/W in luminous efficacy, 

and a guaranteed 50,000 hours of lifetime, which are competent enough to challenge 

traditional light sources. As an example, Cree’s XP-G LEDs (2009) have minimum 

efficacy of 114 lm/W. However, LED itself cannot be directly used in lighting 

applications. An LED is a low voltage (2.5 V – 4.0 V) direct current (DC) driven 

semiconductor component. In most cases, the available power source such as 120V AC 

(Alternating Current) is not suitable to drive LEDs directly. Therefore, an LED lighting 

system requires a driver to handle the power conversion from AC unregulated voltage 

input to DC regulated current output. 

 

An LED lighting system is composed of LED light sources, LED drivers, secondary 

optics, and heat sinks all working together to deliver the required lighting goals. The 

reliability of an LED lighting system depends on the weakest component of the system. 

Even though an LED light source’s lifetime can be very long, typically about 50,000 

hours (Philips Lumileds, 2009), the LED driver lifetime can be shorter and therefore 

shorten the lifetime of the whole system. 

 

The goal of this thesis is to develop an accelerated test method that could be used for 

predicting the useful life of an LED driver in typical application environments. The 

temperatures seen in application environments range from 25°C in the non-insulated 

ceiling condition to up to around 100°C in the insulated ceiling condition (Jayasinghe, 

2006). The scope of work in this study is limited to ambient temperatures greater than 

25°C. 

 

An LED driver can be built as an independent power supply or as being integrated into 

luminaires. This study mainly focuses on the type of LED drivers that is considered as 

an independent power supply. They are known as discrete offline LED drivers, which 
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can be directly powered by the grid (120V AC), convert AC to DC, and deliver constant 

current output that is suitable for driving a string (or strings) of LEDs. 

 

An LED driver will either fail catastrophically (no output current) or parametrically. 

Parametric failure for LED drivers means driver parameters shift from original designed 

value. Generally, an LED driver is rated at 350 mA ±5% for output current. For 

example, if this driver has an output current of 400 mA, it is considered parametrically 

failed. This study mainly focuses on the type of parametric failure for LED drivers. 

 

This study first started with a comprehensive literature review to understand the LED’s 

electrical characteristics, common off-line LED driver topologies, SMPS (Switch-Mode 

Power Supply) failure analysis, electrolytic capacitors and their impact on reliability of 

SMPS, and accelerated life test methods. Based on literature survey findings, two types 

of commercial LED drivers were selected to be analyzed in terms of topology and 

reliability. Estimations of component failure rate for the selected LED drivers were 

performed to understand the weakest link candidate in a driver system. A few pilot 

studies were conducted to understand the reliability issue of the individual component 

considered as the weakest link. A PSpice commercial circuit simulation software was 

performed to study the impact of the degradation of the weakest component in an LED 

driver on the driver’s output current parameters. Another pilot study was conducted to 

evaluate how typical current ripples would influence the LED’s efficacy and light output. 

Considering the negative impact of current ripples on LED’s performance, a preliminary 

definition of end-of-life of the selected LED drivers was proposed based on output 

current parameter shift, and, several hypotheses were developed that are applicable to 

different LED drivers. Then a final experimental setup was made to experimentally 

investigate the relationship between the weakest link component in an LED driver and 

the driver’s output current parameter shift. At the end, an accelerated life test method 

was developed to predict the useful lifetime of the off-line LED drivers in typical 

application environments. 
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2. Literature Review 

2.1 LED Electrical Characteristics 

An LED is one special type of semiconductor diodes, thus, it shares the common 

electrical characteristics of a typical diode, such as directional current flow capability, 

and exponential relationship between forward current and voltage.  

 

A high power LED’s rated forward current varies from 350 mA to 1500 mA typically, 

much higher than indicator type LEDs (Steigerwald, 2002). High power LEDs’ forward 

voltage has a large manufacturing tolerance. Take the Philips Lumiled’s Luxeon Rebel 

for example, its forward voltage (Vf) varies from 2.55 to 3.99V for cool-white, neutral-

white, warm-white, green, cyan, blue, and royal-blue types of LEDs (2009). The typical 

value of the forward voltage is 3.15V at 350mA. The variation of Vf is about ±27%. The 

forward voltage is also dependent on temperature.  Luxeon Rebel has a typical negative 

temperature coefficient of forward voltage of -2.0mV/°C (Philips Lumileds, 2009). That 

means when the junction temperature increases from 25 °C to 100°C, there is another 

0.15V forward voltage drop. When the strings of a series of LEDs are used in lighting 

applications, these accumulative forward voltage variations are further magnified, posing 

serious challenge to drivers’ accurate current control capabilities.  

 

The current-voltage relationships of a typical high power LED of various colors are 

revealed in Fig 2-1. It shows that LED current grows exponentially with some minor 

increase in forward voltage, implying that a small voltage variation across an LED has a 

high propensity to overdrive or underdrive it. 

 

The luminous flux of LEDs is mostly determined by the driving current at a given 

temperature (Fig 2-2) (Philips Lumileds, 2009). Therefore, in order to achieve uniform 

light output, constant current control is the preferable method to drive LEDs, especially 

for the color mixing lighting applications (Muthu, 2002). Using constant current driving 

method will avoid violating the absolute maximum current limitation and compromising 
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the reliability, and obtain more predictable and matched luminous intensity and 

chromaticity (Maxim, 2004). 

 

 

Fig 2-1 Typical forward voltage of different colored LEDs (Philips Lumileds, 2007) 
 

 

Fig 2-2 Relative luminous flux vs. forward current for cool-white, neutral-white 
and warm-white, thermal pad = 25°C maintained (Philips Lumileds, 2009) 
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2.2 LED Current Control Method 

LEDs are usually characterized at one or several nominal ideal DC currents by 

manufacturers (Philips Lumileds, 2009; Cree, 2007; GE, 2009; Seoul Semiconductor, 

2008). However, the generation of a pure DC constant current requires sophisticated and 

expensive power electronics technologies (Sauerlander, 2006). In fact, selecting a 

practical current control method and topology is a trade-off between accuracy of rated 

current, efficiency, reliability, cost, and component size (Ronat, 2006). 

 

LED driver topologies differ considerably depending on the specific application 

requirements such as the input and output voltages, the overall power consumption, 

isolation for UL safety requirement, power factor correction for harmonics compliance 

and ENERGY STAR requirements (Department of Energy, 2008), and dimming 

function. The common current control methods include the use of current limiting 

resistors, linear voltage regulators, non-isolated switch-mode converters such as buck 

converters, boost converters, buck-boost converters and single ended primary inductor 

(SEPIC) converter, galvanic isolated switch-mode converters such as flyback converters 

and so on. 

 

The use of a current limiting resistor is the simplest and cheapest current control solution, 

but not optimized for system efficiency. The current limiting resistor is connected in 

series with the LED or a string of LEDs to provide necessary extra voltage drop from the 

main DC voltage bus. The higher the difference between input voltage and required 

forward voltage, the lower the efficiency will be. This method actually doest not provide 

constant current regulation control. If there is some forward voltage drift across LEDs, 

then the LEDs’ operating current will accordingly shift (Broeck, 2007; Avago 

Technologies, 2007). 

 

The linear voltage regulator based current control method has better current regulating 

performance. It acts like an active variable resistor, providing good constant current 

regulation performance. This kind of driver’s power loss is determined by the sum of the 

voltage dropout between input and output of the linear regulator and the voltage drop 
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over the sampling resistor. Since there is usually a requirement for minimum input-

output voltage drop due to the structure of linear voltage regulator, the loss over the 

linear regulator is phenomenal at heavy load conditions. Also, the heat dissipation 

problem due to its inherent relatively low efficiency performance will pose reliability 

issue for electronic components, and compromising driver’s lifetime (Avago 

Technologies, 2007). 

 

Switch-mode based topologies are known to improve system efficiency greatly 

(Bhandarkar, 2008). Swith-mode converters are usually designed to output stabilized 

voltages. However, an LED requires a stabilized constant output current. Classical non-

isolated topologies such as buck, boost, and buck-boost converters can be modified for 

stabilizing output current. Fig 2-3, Fig 2-4 and Fig 2-5 show constant current switch-

mode regulator topologies based on buck, boost, and buck-boost converters respectively. 

This is achieved by adding a sense resistor Rs in series to the LEDs. The forward voltage 

drop across the sense resistor is proportional to the LED current, and is used to provide a 

feedback to the comparator. Then the comparator generates an error signal to adjust the 

duty ratio of the Pulse Width Modulation (PWM) module to achieve stabilization of 

output LED current. 

 

Fig 2-3 Buck based non-isolated constant current regulator topology (Broeck, 2007) 
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Fig 2-4 Boost based non-isolated constant current regulator topology (Broeck, 2007) 
 

 

Fig 2-5 Buck-boost based non-isolated constant current regulator topology (Broeck, 
2007) 

 

In all of the above-mentioned cases, the measured forward voltage across the sampling 

resistor should be kept small relative to the total forward voltage drop of the LED or 

LED strings so as to minimize power losses, suggesting that the value of the sampling 

resistor should be as low as possible. Nevertheless, too low a value of resistance could 

render the feedback loop incapable of accurately responding to the change in LED 

current due to low Signal-to-Noise (S/N) level. An optional Op-Amp (Operational 

Amplifier) based amplifier stage can be added after the sampling resistor to magnify the 

forward voltage across the sampling resistor to increase S/N issue and provide adequate 

reference voltage level for feedback loop. Other power losses include forward voltage of 
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the freewheeling diode, conduction and switching losses over the switcher, which is 

usually realized by a MOSFET (Metal Oxide Semiconductor Field Effect Transistor). 

Off-the-shelf switch-mode voltage regulators can be configured to serve as constant 

current regulators by using current sensing resistors. The problem is that they are not 

optimized for applications such as LED drivers. The internal voltage reference is too 

high considering the loss over the sampling resistor under high current situations (Avago 

Technologies, 2007). There are new switch-mode regulators optimized for LED driver 

applications with extra low voltage reference requirements. The non-isolated constant 

current converter topologies can achieve up to 95% in terms of efficiency (National 

Semiconductor, 2009). 

 

Galvanic isolated converter topologies (Fig 2-6) such as forward, flyback and push pull 

types can also be implemented to drive LEDs, in which the comparator and error 

amplifier are on the secondary side while the pulse width modulation (PWM) controller 

is on the primary side (Broeck, 2007). The galvanic isolated topology has the advantage 

of protective isolation between line voltage and the load of LEDs, but with the expenses 

of relatively more complicated design and conversion loss. The electrical isolation is 

achieved by the transformer and the optical coupler providing both power stage and 

feedback channels. Similarly, it also adopts a sampling resistor connected in series with 

the LED string to provide reference voltage proportional to the forward current of the 

LED string. The conversion losses include the transformer loss, power transistor’s 

switching and conduction loss, diode forward voltage loss and so on. The typical 

efficiency of a galvanic isolated topology ranges from 70% to 85% (Rubinstein, 2007). 



 

 9

 

Fig 2-6 Flyback based isolated constant current regulator topology (Broeck, 2007) 
 

LED lighting system can be divided into two categories, luminaires and integrated LED 

lamps (Green, 2009). The first category utilizes an independent off-line LED driver 

which requires electrical isolation and output voltage less than 60VDC or 30VAC rms 

according to UL8750 Class 2 limits. The second category is usually designed for retrofit 

use, and the LED driver circuitry is contained within sealed enclosures and is 

mechanically isolated so that no electrical isolation is required. The galvanic isolated 

topologies such as flyback converters are suitable for the first category, while the non-

isolated topologies such as buck converters are more suitable to meet the second 

category’s requirements. 

 

In practice, the organization that sets energy standards stipulates a minimum power 

factor value of 0.7 for residential lighting applications and 0.9 for commercial lighting 

applications (Department of Energy, 2008). This requires the mandatory use of power 

factor correction (PFC) circuitry in the LED driver design, which would affect the off-

line LED driver topologies.  

 

Power factor correction can be realized passively by using a valley-fill filter or actively 

by using a PFC integrated circuit (IC) usually working as a boost converter (ON 

Semiconductor, 2007). Considering PFC and isolation requirements, the traditional 
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topology solution involves a PFC front-end stage and a cascaded flyback stage. This 

two-stage cascaded topology exerts excellent PFC performance with the expense of 

some extra conversion loss and relatively high passive component count. An improved 

solution takes advantage of a single-stage transition-mode PFC controller based flyback 

topology to realize both good current regulation and superior power factor performance 

and relatively lower component cost, which has been adopted by a few commercial off-

line constant current LED drivers from various manufacturers. 

 

This thesis study mainly focuses on two types of commercial off-line independent 

constant current LED drivers from two different manufacturers. One is a standard 

flyback converter, and the other is a single-stage PFC based flyback converter. 

 

2.3 Switch-Mode Power Supply Failure Analysis 

The topologies of LED drivers are similar to those of switch-mode power supplies 

(SMPS) (Broeck, 2007). Therefore, understanding the failure modes of switch-mode 

power supplies helps to study LED drivers’ reliability issue. 

 

Part stress analysis method provided by Military Handbook 217F (1991) is commonly 

used to calculate an electronic equipment’s reliability based on individual component’s 

failure rate models. A typical example of the part failure rate model is the product of the 

base failure rate and several other affecting factors as shown below. 

 

EQAPTbp πππππλλ ×××××=                                                                                                (Eq. 2-1) 

where pλ  is the part failure rate, bλ  is the base failure rate, and Tπ  and other π  factors 

are the various acceleration factors that modify the base failure rate such as part quality, 

voltage stress, operating temperature, and use environment. It should be pointed out that 

the assumed failure modes include both catastrophic and permanent drift failures like 

falling out of rated tolerance bounds. And the failure rate model assumes a constant 

failure rate over time. (Military Handbook 217F, 1991) 
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Lahyani (1998), Venet (2002) and Imam (2005) among others have used this part stress 

analysis method in the study of static converter and switch-mode power supplies to 

calculate the failure rate of each power component. The results (Fig 2-7) showed that the 

electrolytic capacitors used to smooth the output voltage appear to have the highest 

probability of failure and account for over 50% of the breakdowns in switch-mode 

power supplies. The failure of electrolytic capacitors can often cause secondary failures 

such as transistor failure, regulation failure and unstable output (Fromm, 1994; Bennett, 

2000). 

 

Fig 2-7 Distribution of failure for each power component in switch-mode power 
supplies (Imam, 2005) 

 

2.4 Electrolytic Capacitors 

Since electrolytic capacitors are estimated to be the weakest link in SMPS applications, 

it is worth studying the characteristics and reliability of electrolytic capacitors. 

 

Fig 2-8 shows the structure of an electrolytic capacitor. It is composed of positive and 

negative charge connections, cathode aluminum foil, electrolytic paper, electrolyte, and 
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an aluminum oxide film acting as the dielectric which is formed on the anode foil 

surface. This very thin oxide film boasts superior dielectric constant and presents 

rectifying properties. Besides, this aluminum foil is etched so that the effective surface 

area is greatly enlarged (Nichicon, 2002).  

 

 

Fig 2-8 Structure diagram of an electrolytic capacitor (Figure extracted from 
Precision Graphics) 

 

The capacitance of a given capacitor is defined by the following equation: 

( )F
d
SC με810855.8 −×=                                                                                                              (Eq. 2-2) 

where ε is the dielectric constant, S is the surface area of dielectric, and d is the 

thickness of dielectric. Accordingly, the capacitance can be enlarged by selecting 

material of high dielectric constant, increasing the surface area, or decrease the thickness 

of the dielectric layer (United Chemi-Con, 2003). 
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The dielectric constant of aluminum electrolytic capacitors is not significant. However, 

the aluminum oxide dielectric layer can be controlled to be very thin. And with the 

etching technique, the effective area of the aluminum foil can be 100 times larger than 

the apparent area for low voltage capacitors and 40 times for middle and high voltage 

capacitors (Nichicon, 2002; United Chemi-Con, 2003). Therefore, the aluminum 

capacitor has higher capacitance per unit volume than other types of capacitors like film, 

ceramic and tantalum capacitors. This is why electrolytic capacitors are often the 

preferred choice in power electronics applications where high capacitance and limited 

physical dimension are required. 

 

An actual electrolytic capacitor can be equivalent to an ideal capacitor connected in 

series with some resistive part and some inductive part, as shown in Fig 2-9.  

 

 

Fig 2-9 Equivalent circuit of an electrolytic capacitor (Imam, 2005) 
 

 

The equivalent series resistance (ESR) is the sum of electrolytic resistance, dielectric 

loss and electrode resistance (Harada, 1993). ESR decreases as frequency of 

measurement or temperature increases, and increases with rated voltage (Gasperi, 1996; 

CDE, 2000; United Chemi-Con, 2003). According to CDE’s (2000) application guide, 

ESR decreases steadily with increasing frequency, and then crosses over to a constant 

value. The crossover frequency is typically below 10kHz for aluminum electrolytic 

capacitors. This crossover frequency is inversely proportional to capacitance, so that the 

ESR of high-capacitance capacitors doesn’t change much with increasing frequency. 

Typical values of ESR vary from 0.01 Ω to 1 Ω. For a given rated voltage, ESR is 

inversely proportional to capacitance due to the physical construction of an electrolytic 

capacitor (CDE, 2000; United Chemi-Con, 2003).  
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ESL is the equivalent series inductance of an electrolytic capacitor. ESL is mainly due to 

the capacitor terminal spacing and is not affected by frequency and temperature (CDE, 

2000; United Chemi-Con, 2003). Typical values of ESL for radial-leaded types of 

aluminum electrolytic capacitors are in the range of 10nH to 30nH (CDE, 2000). The 

impedance of an electrolytic capacitor can be expressed by the following equation: 

RLj
Cj

1Z ++= ω
ω

                                                                                                                       (Eq. 2-3) 

where Z is the impedance, C is the capacitance, L is the equivalent series inductance, 

and R is the equivalent series resistance. The absolute value of the impedance is 

expressed as: 

2
2

c
1LRZ ⎟
⎠
⎞

⎜
⎝
⎛ −+=

ω
ω                                                                                                               (Eq. 2-4) 

 

Fig 2-10 shows the relationship between impedance and frequency for a typical 

aluminum electrolytic capacitor. The impedance is dominated by the capacitance in the 

frequency lower than about 1kHz. In the frequency range of about 10kHz, the impedance 

becomes dominated by the ESR. When it comes to the frequency range higher than 

100kHz, the inductive reactance becomes increasingly dominant. The lowest point is at 

the self-resonant frequency:  

LC2
1f

π
=                                                                                                                                      (Eq. 2-5) 

where the impedance equals to the ESR.  
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Fig 2-10 An electrolytic capacitor’s typical impedance vs. frequency relationship 
(CDE, 2000) 

 

From a design point of view, the square of RMS current multiplied by the ESR of an 

electrolytic capacitor results in self heating of the capacitor, which is detrimental to its 

reliability (Mandelcorn, 2009). So, the value of ESR for a given electrolytic capacitor is 

one of the critical factors that affect the lifetime of an electrolytic capacitor used in 

switch-mode converter applications. 

 

The major wear-out mechanism of electrolytic capacitors is evaporation and 

deterioration of electrolyte due to elevated ambient temperature or internal temperature. 

The reduction of electrolyte volume would cause a decrease of the effective surface area, 

and cause the decrease of the capacitance and increase of ESR (Harada, 1993; Lahyani, 

1998; Gasperi, 1996; Sankaran, 1997; Matsushita, 2000; Stevens, 2002; Evox Rifa, 

2001). Fig 2-11 shows the change of capacitance and ESR respectively during 

degradation process of an electrolytic capacitor. 
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Fig 2-11 Change of capacitance & ESR during degradation process of an 
electrolytic capacitor (Evox Rifa, 2001) 

 

Elevated ambient temperature or internal temperature will accelerate the vaporization of 

electrolyte. The core temperature of an electrolytic capacitor determines the lifetime of 

that capacitor (BHC Components, 2002). A basic rule of thumb for estimating the 

lifetime of an electrolytic capacitor states that life is shortened by half for every 10°C 

increase in operating temperature (Gasperi, 1996; Nichicon, 2002, Panasonic, 2008; 

CDE, 2000). In other words, the temperature derating for the lifetime of an electrolytic 

capacitor is 50% / 10°C. 

 

Electrolytic Capacitor manufacturers typically define the end-of-life of an electrolytic 

capacitor as either a 10 - 20% of decrease in capacitance (measured at f = 120Hz), or 

200% of increase in ESR measured at 25°C (measured at f = 120Hz) (Nichicon, 2002; 

BHC Components, 2002; CDE, 2000; Panasonic, 2008). 

 

However, the end of life definition for a given electrolytic capacitor in specific 

application is actually governed by application requirements. Only when the increase of 

ESR or decrease of capacitance begins to deteriorate the application’s performance can it 
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be considered the electrolytic capacitor in that application has been compromised. For 

applications where only small changes in capacitance and ESR are tolerable, the actual 

useful lifetime of an electrolytic capacitor could be shorter than if the applications are 

more tolerant. 

 

On the other hand, a given electrolytic capacitor’s degradation rate could be largely 

distinctive under different operating conditions. The useful lifetime of an electrolytic 

capacitor decreases exponentially as its core temperature increases. The core temperature 

is the sum of ambient temperature and an additional temperature increase caused by 

internal self-heating mechanism that is mainly related to the ESR and current ripple. The 

additional temperature increase is quantified by I2R loss, where I is the AC current RMS 

(Root-Mean-Square) value, and R is the ESR of the capacitor. The heat generated due to 

the capacitor’s ESR will contribute to the increase of the capacitor’s core temperature 

during operation, which further deteriorate the operating condition of that capacitor and 

accelerate the degradation process. In a sense, both the ambient temperature and the 

current ripple applied to an electrolytic capacitor will accelerate the degradation rate of 

an electrolytic capacitor. The electrolytic capacitor’s actual useful lifetime in application 

depends heavily on the specific application requirement and operating conditions. 

 

2.5 Capacitor Ripple 

Although ESR and capacitance are two good indicators of a given electrolytic 

capacitor’s degradation level, they are very difficult to measure directly in applications. 

However, capacitor current and voltage ripples are promising indirect indicators of an 

electrolytic capacitor’s condition.  

 

Lahyani (1998) found that electrolytic capacitors used at the output filter stage affect the 

performance of the static converter. ESR is the best indicator of the output filter 

electrolytic capacitor fault in static converter applications. And, the peak-to-peak value 

of the output voltage, which equals to the output capacitor voltage, increases with 

respect to ESR increase.  
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Fig 2-12 Output voltage AC portion waveforms with a good capacitor (Lahyani, 
1998) 
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Fig 2-13 Output voltage AC portion waveforms with a degrading capacitor 
(Lahyani, 1998) 

 

Fig 2-12 shows the AC portion of output voltage waveforms of a static converter with a 

good output capacitor. Fig 2-13 shows the AC portion of output voltage waveforms of a 

static converter with a degrading output capacitor. It is obvious that the peak-to-peak 

amplitude of the output voltage increases as the output capacitor degrades.  

 

Venet (1999) showed that the degradation of the electrolytic capacitor used in static 

converter applications affects its filter function much more than its storage function. 

Since the filter function is mainly influenced by its ESR while the storage function is 

realized by its capacitance, Venet’s finding implies that the aging caused ESR increase 

could be much more significant than the capacitance decrease. 

 

Imam (2005) depicted that signatures of changes in capacitance and ESR are reflected in 

capacitor voltage and current ripple. He demonstrated a predictive method for the 
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capacitor status by analyzing capacitor voltage ripple using adaptive filter modeling 

technique. 

 

These studies indicated that monitoring capacitor voltage and/or current ripple, which is 

a reflection of its ESR and capacitance change, is one way to indirectly predict the status 

of the electrolytic capacitor. 

 

2.6 Accelerated Life Test Methods 

The normal degradation process of a given system could take years to see a noticeable 

change in practice. In order to rapidly predict the useful lifetime of a system, accelerated 

life tests are often used to study the characteristics of the degradation process at extreme 

conditions. Commonly used stress parameters include temperature, voltage, humidity, 

vibration and so on. The way of applying the stress parameter could be continuous or 

cycling (ReliaSoft, 2007). 

 

The procedure of the accelerated life test method includes choosing the desired 

acceleration factor, acquiring lifetime data as a function of the selected acceleration 

factor, data fitting and extrapolation to typical environment in applications. 

 

The accelerated life test method has been widely used in studying the reliability of 

electronic components, such as LED-based white light sources (Narendran, 2005), 

electrolytic capacitors in automotive applications (Sankaran, 1997), high K multilayer 

ceramic capacitors (Minford, 1982), and electronic power transformers (Dakin, 1965). 

 

In Narendran’s (2005) white LED reliability study, a definition of end-of-life of LEDs is 

proposed as light output reaches 70% of initial level. The accelerating variable here is 

the ambient temperature. Several LEDs were operated at their rated current but exposed 

to different ambient temperatures. A mathematical exponential curve fit was used to 

extrapolate the data and estimate life. Then the estimated life of the white LEDs as a 

function of the temperature at T-point where the manufacturers recommend attaching a 
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temperature sensor was plotted. The relationship between T-point temperature and life 

shows that the useful life decreases exponentially with increasing temperature. 

 

Minford (1982) chose three manufacturers’ 50 V multilayer ceramic capacitors to 

evaluate their lifetime. The capacitors tested were 0.22 μF rated at 50 V dc. The 

accelerating variable is temperature and voltage. The voltage was increased at a rate of 

10V/s. Each capacitor is connected in series with a resistor so that the voltage drop 

across the series resistor is measured to calculate the resistance of the capacitor. The 

failure criterion for the accelerated life test is when the resistance at the test temperature 

degraded three to four orders of magnitude below its equilibrium value at the test 

temperature. The acquired data sets demonstrated that the times to failure at a voltage-

temperature stress conformed to a lognormal distribution with a standard deviation of 

about 0.5. Then the failure rate was calculated as a function of operating time at 85°C 

and 50Vdc by extrapolating from the results of the 0.22 μF capacitors tested. 

 

In Dakin’s (1965) study of electronic power transformer, the principle aging factor is 

elevated temperature. Failure is determined by the loss of the insulation ability to 

function under normal operating and environmental conditions. Failure of the insulation 

is defined as a direct short circuit between coils or turns at normal operating voltage. The 

transformers used in the experiments were rated at 250 VA at 220 V rms on the primary. 

A thermal couple was placed between the two secondary windings, at a point found to be 

the hot spot. Hot spot temperatures were maintained in the transformers by the driving 

current. Three hot spot aging temperatures were chosen as, 200, 225, and 250°C. 

Ambient temperature was maintained at about 95°C in all of these tests by using a large 

circulating air oven. Each aging period was followed by the environmental cycle. The 

transformers were first cooled to room temperature and vibrated, and then followed by a 

cold shock for 2 hours at -55°C. It was then followed by the humidity cycle of 48 hrs. 

The next aging period was then started. Only the time at the controlled hot spot aging 

temperature was counted in the life if the transformer. Totally 5 different life test cycles 

and test temperatures were used, namely, including all environmental conditions, 

including thermal cycling, cold shock & humidity, including thermal cycling and cold 
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shock, including only thermal cycling, and, constant temperature aging without thermal 

cycling. The results follow the Arrhenius life-temperature relations. By extrapolation, an 

average life of the order of 60,000 hours at Class F, 155°C temperature was calculated. 

2.7 Literature Review Summary 

It is desired to use constant current control method to drive high power LEDs in lighting 

applications. The constant current LED drivers’ topologies are similar to those of SMPS. 

For SMPS applications, electrolytic capacitors are found to have the highest probability 

of failure. As an electrolytic capacitor degrades, the capacitance decreases while ESR 

increases. Heat affects an electrolytic capacitor’s useful life. ESR and capacitance 

change are good indicators of the status of an electrolytic capacitor, and are reflected in 

capacitor voltage and current ripple. So, by monitoring the capacitor voltage or current 

ripple, it is possible to tell the degradation level of an electrolytic capacitor in application. 

An electronic equipment’s useful life in application environments could be predicted 

from accelerated life testing data. However, no study was found addressing accelerated 

life testing or life prediction of LED drivers. 
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3. Pilot Studies 

3.1 LED Driver Topology Analysis 

As mentioned before, two types of commercial off-line independent constant current 

LED drivers from two different manufacturers were selected to conduct detailed analysis 

in this thesis study.  

 

LED driver A is a standard flyback converter, and its topology diagram is shown in Fig 

3-1. This driver utilizes a monolithic fixed frequency current mode controller integrated 

with a power MOSFET to achieve a flyback topology. This design simplifies the 

peripheral deign and reduces the number of discrete electronic components. The 

efficiency of this driver at full power output is about 75%. But without an active power 

factor controller built inside, this driver achieves a power factor value of around 0.6.  

 

LED driver B is a single-stage PFC based flyback converter. Its topology diagram is 

shown in Fig 3-2. This driver is designed to use a Power Factor Correction IC 

(Integrated Circuit) working in critical conduction mode to serve as both a front-end 

power factor corrector and a flyback controller. At full power output, it is able to achieve 

typically 0.95 for power factor, and 80% for efficiency. The tradeoff is its relatively high 

output current ripple due to its slow outer feedback loop tuned to optimize the 

performance of power factor correction. The output current ripple can be further 

smoothed by using another stage of low dropout linear regulator with the sacrifice of 

lower efficiency and increased number of electronic components, or by using a large 

capacitance filter capacitor, which is the solution in LED driver B. 

 

The flyback topology is one type of indirect converter so that an energy storage module 

is necessary to conduct power conversion. During the switcher on period, the input 

energy is stored in the primary side of the flyback transformer, while at the same time 

the output capacitor discharges to maintain required output power. During the switcher 

off period, the energy stored in the primary side is transferred to the secondary side, 

charging the output capacitor and providing required output power (Kassakian, 1991). 
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Since the secondary inductor current of a flyback converter is discontinuous, an output 

capacitor is necessary to realize a continuous output current. An electrolytic capacitor is 

used at the output stage of both of these two LED drivers (Fig 3-3).  

 

Fig 3-1 LED Driver A topology diagram (Standard flyback) 
 

 

Fig 3-2 LED Driver B topology diagram (Single-stage PFC based flyback) 
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Fig 3-3 An electrolytic capacitor at output stage of LED driver B 

 

3.2 Estimation of LED Driver Component Failure Rate  

By understanding the topologies of the LED drivers, it is possible to perform an 

estimation of power component failure rate using models proposed in Military 

Handbook 217F (1991), which was commonly used to evaluate component reliability for 

electronic equipments. Only power components were considered in the following 

estimation, because the failure rate of power circuits is found to be much higher 

(typically 20:1) than that of digital and linear circuits (Military Handbook 217F, 1991). 

 

Fig 3-4 shows the calculation results of power component failure rate for both LED 

driver A and LED driver B. The electrolytic capacitors used at the output stage of the 

LED drivers appear to have the highest probability of failure and are responsible for 

more than half of the breakdowns in both cases. The component of the next highest 
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failure rate is MOSFET or flyback transformer. This is consistent with estimation results 

of power component failure rate of SMPS.  

 

Although the estimation result is based on the reliability models derived from limited 

amount of experiments, it sheds light on the possible candidate of the weakest link in an 

LED driver system. 
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Fig 3-4 Distribution of failure for each power component of LED driver A & LED 
driver B 

 

3.3 Estimation of Impact of Degrading Electrolytic Capacitor on LED 
Driver Performance 

Since the electrolytic capacitor used at the output stage of the two LED drivers is 

estimated to be the weakest link and thus it limits the life of the LED driver, it is desired 

to analyze the impact of the degradation of the electrolytic capacitor on the LED driver’s 

performance. The estimation is realized by both analytical derivation and circuit 

simulation. 
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The objective of this pilot study is to derive the relationship between output current 

peak-to-peak amplitude and capacitance and ESR of the output filter capacitor, and to 

simulate output current waveforms using a good capacitor and a degrading capacitor at 

the output stage of LED driver A and LED driver B. 

 

LED driver A is a standard flyback topology converter as shown in Fig 3-1. Applying 

charge balance analysis shows that the secondary inductor’s current is the same as the 

load current on average. The output current ripple is mainly due to the discontinuous 

secondary inductor current (Kassakian, 1991). Assume that the feedback loop’s 

bandwidth is lower than the switching frequency, and output current mean value Io is 

kept constant by feedback loop. Considering the 1st order current ripple gives following 

equations (Kassakian, 1991). 
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=                                                                                                            (Eq. 3-1) 
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o
pk-pk o RRFC

DII
+⋅⋅

⋅
=Δ                                                                                            (Eq. 3-4) 

where inV  is the input DC bus voltage, oV is the output voltage, pk-pk oV is the output 

voltage peak-to-peak value, pk-pk oI  is the output current peak-to-peak value, D is the 

duty ratio, 
p

s

N
N  is the turns ratio of the flyback transformer, DV is the forward voltage 

drop across the flyback diode,  swF is the switching frequency, oC is the capacitance of 

the output filter capacitor, LEDR is the equivalent resistance of the LED string, and senseR  

is the resistance of the sampling resistor connected in series with the load.   
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Now taking ESR into consideration gives the following modified equations (Kassakian, 

1991). 
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where ESRR represents the equivalent series resistance of the output filter capacitor. It 

can be seen that as the capacitance oC drops, the output current peak-to-peak value 

pk-pk oI  will increase. Similarly, as ESRR increases, the duty ratio D  will increase and the 

output current peak-to-peak value pk-pk oI  will also increase. Therefore, as the output 

electrolytic capacitor degrades, its capacitance decreases and its ESR increases, both 

causing an increase in the output current peak-to-peak value in the case of LED driver A. 

 

Fig 3-5 shows a simplified schematic of the power stage of LED driver A for PSpice 

simulation (V9.2). A resistor connected in series with the output capacitor C1 was used 

to represent ESR part of the capacitor. A resistance of 9.4 Ω was used to represent an HP 

LED load at 350 mA. The switching frequency was selected at 65 kHz, which was the 

actual measured value for LED driver A. A transient time domain simulation was 

performed to observe the output current waveforms.  
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Fig 3-5 Simplified schematic of LED driver A power stage for PSpice simulation 
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LED Driver A Output Current Waveform
Simulation with A Good Capacitor
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Fig 3-6 LED driver A output current waveform simulation with A food capacitor 
(ESR = 0.72 Ω, capacitance = 100 μF, Ipkpk = 65 mA) 
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LED Driver A Output Current Waveform
Simulation with A Degrading Capacitor
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Fig 3-7 LED driver A output current waveform simulation with A degrading 
capacitor (ESR = 1.44 Ω, capacitance = 80 μF, Ipkpk = 125 mA) 

 

Fig 3-6 shows the simulated output current waveform of LED driver A with a good 

capacitor, whose ESR is 0.72 Ω and capacitance is 100 μF. Under this condition, the 

current peak-to-peak value is 65 mA, and the current mean value is around 350 mA.   

Fig 3-7 shows the simulated output current waveform of LED driver A with a degrading 

capacitor, whose ESR is 1.44 Ω and capacitance is 80 μF. Under this condition, the 

current peak-to-peak value is 125 mA, and the current mean value is still around 350 mA. 

The selection of the parameter change of the capacitor is based on the manufacturer’s 

end-of-life definition: 200% of ESR increase, or capacitance drop by 20% (Nichicon, 

2002; BHC Components, 2002; CDE, 2000; Panasonic, 2008). The simulation result 

demonstrates that, as the capacitor degrades (ESR increases and capacitance decreases), 

the output current peak-to-peak value increases accordingly for LED driver A. This is 

consistent with the analytic derivation result. 
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LED driver B is a single-stage PFC based flyback topology converter. This topology 

features both good current regulation capability and high power factor performance by 

using a critical conduction mode power factor controller. The output current peak-to-

peak value has two components (Adragna, 2003). One is related to the high frequency 

switching operation and depends mostly on the ESR of the output capacitor, its 

maximum amplitude which occurs at the peak of the sinusoid, is:  

L

ESRPK(s)
pk-pk o1 R

RI
I

⋅
=                                                                                                                     (Eq. 3-9) 

where PK(s)I is the peak amplitude of the secondary current, LR is the resistance of the 

load, and ESRR is the equivalent series resistance of the output capacitor.  

 

The other component is related to the twice-mains-frequency envelop, depending mostly 

on the capacitance value of the output filter capacitor. For an ideal power factor 

correction front-end stage, the instantaneous input power undergoes a twice-mains-

frequency ripple, requiring a large output capacitance to provide the storage function. 

The amplitude of the instantaneous input power is: 

( ) ( ) ( ) ( )( )t2cos1VItsinVtsinItP rmsrmsppin ωωω −=⋅=                                                          (Eq. 3-10) 

 

In order to achieve a high power factor performance, the output current feedback loop’s 

bandwidth should be low enough to be little sensitive to the twice-mains-frequency 

ripple. This is why a significant twice-mains-frequency current ripple appears on the 

output. The amplitude of this part of the output current peak-to-peak value is:  

LoL

out
pk-pk o2 RCf

IkI
⋅⋅

⋅=                                                                                                               (Eq. 3-11) 

where k is a constant, outI is the output current, Lf is the mains frequency, and oC is the 

capacitance of the output filter capacitor.  

 

The amplitude of the overall output current peak-to-peak value in the case of LED driver 

B is:  
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2
pk-pk o2

2
pk-pk o1pk-pk o III Δ+=                                                                                    (Eq. 3-12) 

 

The increase of the ESR of the output filter capacitor will cause an increase in high 

frequency part pk-pk o1I , and the decrease of its capacitance of the output filter capacitor 

will cause an increase in the twice-mains-frequency part pk-pk o2I . It can be seen that the 

degradation of the output filter capacitor is expected to cause an increase of output 

current peak-to-peak value for the case of LED driver B. 

 

Fig 3-8 shows a simplified schematic of the power stage of LED driver B for PSpice 

simulation (V9.2). A resistor connected in series with the output capacitor C1 was used 

to represent ESR part of the capacitor. A resistance of 9.4 Ω was used to represent an HP 

LED load at 350 mA. The switching frequency was selected at 100 kHz, which was the 

actual measured value for LED driver B. A transient time domain simulation was 

performed to observe the output current waveforms.  

 

 

Fig 3-8 Simplified schematic of LED driver B power stage for PSpice simulation 
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LED Driver B Output Current Waveform
Simulation with A Good Capacitor
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Fig 3-9 LED driver B output current waveform simulation with A good capacitor 
(ESR = 0.16 Ω, capacitance = 330 μF, Ipkpk = 221 mA) 
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LED Driver B Output Current Waveform
Simulation with A Degrading Capacitor
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Fig 3-10 LED driver B output current waveform simulation with A degrading 
capacitor (ESR = 0.32 Ω, capacitance = 264 μF, Ipkpk = 279 mA) 

 

Fig 3-9 shows the simulated output current waveform of LED driver B with a good 

capacitor, whose ESR is 0.16 Ω and capacitance is 330 μF. Under this condition, the 

current peak-to-peak value is 221 mA, and the current mean value is around 350 mA.   

Fig 3-10 shows the simulated output current waveform of LED driver B with a 

degrading capacitor, whose ESR is 0.32 Ω and capacitance is 264 μF. Under this 

condition, the current peak-to-peak value is 279 mA, and the current mean value is still 

around 350 mA. The selection of the parameter change of the capacitor is based on the 

manufacturer’s end-of-life definition: 200% of ESR increase, or capacitance drop by 

20% (Nichicon, 2002; BHC Components, 2002; CDE, 2000; Panasonic, 2008). The 

simulation result demonstrates that, as the capacitor degrades (ESR increases and 

capacitance decreases), the output current peak-to-peak value increases accordingly for 

LED driver B. This is consistent with the analytic derivation result. 
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Both the analytical derivation and the simulation results show that the output current 

peak-to-peak amplitude is a good reflection of the output capacitor’s ESR increase and 

capacitance decrease for two types of LED drivers. It is promising to use output current 

parameter shift to indirectly predict the degradation level of the output capacitor in an 

LED driver. 

 

3.4 Current Ripple 

Current ripple in this thesis study is defined as: %100
amplitudemean current 

amplitudepeak -to-peakcurrent 
× . 

Since the current ripple is an indirect indicator of an electrolytic capacitor’s fault 

condition (Venet, 1999; Imam, 2005), it can be used to predict the degradation level of 

an electrolytic capacitor in application. 

 

3.4.1 Impact of Current Ripple on LED Performance 

The typical output current ripple patterns are sinusoid or triangle or a combination of 

two. Fig 3-11 shows the measured output current ripple waveform of LED driver A. It is 

a typical triangular shape, and the frequency is approximately 67 kHz. Fig 3-12 shows 

the measured output current ripple waveform of LED driver B. It has a sinusoidal 

envelop of 120 Hz, and superimposed by 100 kHz high frequency triangular component. 

 

 

Fig 3-11 LED driver A output current ripple waveform 
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Fig 3-12 LED driver B output current ripple waveform 
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Fig 3-13 Impact of current ripple on light output & efficiency 

 

A pilot study was designed to estimate the impact of typical current ripple on light 

output and efficacy of an LED. The typical LED driver’s output current waveforms were 

recreated by using a function generator and a voltage-current converter. The output 

current mean value was kept constant at 350 mA while the current ripple was variable. A 

3W white HP LED was selected to serve as the load to the constant current source. The 

independent variable was current ripple patterns (triangle at 10kHz, and sinusoid at 120 
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Hz) and the amplitude of the current ripple (from 0% to 200%); the dependent variable 

was relative light output.  

 

Fig 3-13 shows the relationship between current ripple amplitude and relative light 

output and relative efficacy compared to the condition with no current ripple component. 

It can be seen that, as current ripple increases while current mean value was maintained, 

both light output and efficacy of the LED decrease. For sinusoidal current ripple 

waveforms, when the current ripple reaches 150%, the light output was derated by 10% 

compared to the condition with no current ripple, and the efficacy was derated by 20%. 

For triangular current ripple waveforms, when the current ripple reaches 150%, the light 

output was derated by 3% and the efficacy was derated by 10%. As the current ripple 

further increases, both light output and efficacy would suffer from more derating.  

 

The light output and efficacy derating caused by the current ripple implies that: LED 

light out is not only determined by current mean value, but also affected by current 

waveform patterns because of the non-linear relationship between light output and 

forward current. As the current ripple increases while current mean value is kept 

constant, more power will be delivered to the LED but less light output will be expected 

probably due to the thermal derating caused by increased input power. This will cause a 

decrease in system efficacy, and possibly renders the system no longer qualified for 

application requirements. The output current ripple is found to be one of the critical 

parameters that affect an LED lighting system’s performance. 

 

3.4.2 End-of-life Criterion 

Using the analytical and simulation methods detailed in section 3.3 above, it is possible 

to obtain the LED driver’s output current ripple trend.  

 

As an electrolytic capacitor degrades, its ESR increases and capacitance decreases. A 

good prediction model of ESR as a function of time is the linear inversed model 

demonstrated by Gasperi (1996), Rhoades (1984) and Jones (1987), and verified 
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experimentally by Lahyani (1998). For a given rated voltage, ESR is found to be 

inversely proportional to capacitance (CDE, 2000; United Chemi-Con, 2003). With these 

models, it is possible to establish ESR and capacitance trend to simulate an electrolytic 

capacitor’s degradation process. Since we have also identified the relationship between 

ESR/capacitance and output current ripple as indicated by 

( ) senseLED

ESRo

senseLEDso

o
pk-pk o RR

R
D-1

I
RRFC

DII
+

⋅+
+⋅⋅

⋅
=                                               (Eq. 3-8 

and 2
pk-pk o2

2
pk-pk o1pk-pk o III Δ+=                                                                                    (Eq. 

3-12, it is possible to calculate the output current ripple as a function of time.  

 

Fig 3-14 shows the simulated output current ripple trend at 105°C of capacitor 

temperature for LED driver B. The solid line represents the output current ripple in 

percentage. The output current ripple increases slowly and steadily at first, then at some 

point it starts to take off and continue to increase at a much higher rate. The transition 

point where the output current ripple experiences the most of the rate of change is the 

preferred point for end-of-life definition of the LED drivers. This is because the rate of 

change of output current ripple peaks at this point, implying a most unstable degradation 

period. And when it passes this point, the output current ripple exhibits a sharp increase 

within a short period of time, which is close to possible catastrophic failure. This point is 

a good indicative of the approaching of catastrophic failure. Fig 3-15 shows an enlarged 

chart of output current ripple trend around the transition point. The dotted line shows the 

2nd derivative of the output current ripple. The transition point corresponds to the point 

where the 2nd derivative of the output current ripple reaches a maximum. Notice that at 

this transition point the current ripple is about 250%, at which the light output and 

efficacy of the LED would have suffered significantly as indicated in section 3.4.1. So, 

this point is used as the end-of-life criterion for the LED drivers in the following 

experiments and analysis.  
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Output Current Ripple vs. Time
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Fig 3-14 Output current ripple trend simulation for LED driver B 
 

 

Output Current Ripple vs. Time (Detail)
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Fig 3-15 An enlarged chart of output current ripple trend around transition point 
for LED driver B 
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4. Hypotheses 

4.1 Thesis Objective 

The objective of this thesis is to experimentally investigate the relationship between 

output current ripple and capacitance and ESR of the output filter capacitor in an LED 

driver, to establish a relationship between capacitor temperature and the LED driver 

output current, and to develop an end-of-life criterion for the LED driver and estimate its 

useful life. 

 

4.2 Term Definitions 

Based on the findings from the literature and the pilot studies, several hypotheses were 

developed specifically for the LED driver samples A and B and were verified 

experimentally. Before stating the hypotheses, several terms are defined for better 

clarification. 

Current Ripple %100
amplitudemean current 

amplitudepeak -to-peakcurrent 
×=                                                (Eq. 4-1) 

Refer to Fig 4-1 for detailed explanation of terms used in current ripple definition. 

 

 

Fig 4-1 Current ripple definition diagram 
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The LED driver refers specifically to those independent off-line LED drivers using an 

electrolytic capacitor at its output stage. 

Capacitance refers to the value of the capacitance measured at f = 120 Hz using an 

ESR/LCR meter. 

ESR refers to the value of the equivalent series resistance of an electrolytic capacitor 

measured at f = 120 Hz using an ESR/LCR meter. 

Capacitor temperature refers to the temperature measured at the root of the positive 

pin of an electrolytic capacitor, as shown in Fig 4-2. This is because the anode foil 

carries the dielectric by a formation process so that it has better contact with the 

electrolyte. 

 

 

Fig 4-2 Capacitor temperature measurement location diagram 

 

It should be pointed out that ESR is a function of measurement frequency. Fig 4-3Fig 

4-3 shows the relationship between ESR and frequency for an electrolytic capacitor used 

in LED driver B. ESR decreases steadily with increasing measurement frequency, and 

reaches a steady value. Generally, the constant value is reached at the measurement 

frequency about 10 kHz (CDE, 2000). The frequency value of 120 Hz was chosen in 

final measurement because that is the typical frequency the capacitor manufacturers 

usually use in ESR measurement. 120 Hz is also the typical frequency for rectified line 

voltage where the electrolytic capacitor is often used to serve the filtering purpose. 
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ESR vs. Frequency
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Fig 4-3 Relationship between ESR & frequency (330 μF, Nichicon, PW(M), 50V, 
5000 hrs @ 105 °C) 

 

4.3 Hypothesis 1 

If the ESR of the output capacitor increases, then the output current ripple of the LED 

driver will increase. 

 

This hypothesis was developed based on the results observed by Harada (1993), Lahyani 

(1998) and major capacitor manufacturers that the ESR increase is a symbol of the 

degradation of an electrolytic capacitor. Theoretical analysis of the topologies of the 

LED drivers and PSpice simulation both predict that output current ripple is a reflection 

of ESR change. This hypothesis was designed to experimentally verify the impact of 

ESR increase on output current ripple. 
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4.4 Hypothesis 2 

If the capacitance of the output capacitor decreases, then the output current ripple of the 

LED driver will increase. 

 

This hypothesis was developed based on the results observed by Harada (1993), Lahyani 

(1998) and major capacitor manufacturers that the capacitance decrease is also a symbol 

of the degradation of an electrolytic capacitor. Theoretical analysis of the topologies of 

the LED drivers and PSpice simulation both predict that output current ripple is also a 

reflection of capacitance change. This hypothesis was designed to experimentally verify 

the impact of capacitance decrease on output current ripple. 

 

4.5 Hypothesis 3 

It should be emphasized that temperature will accelerate degradation of the capacitor due 

to evaporation of the electrolyte. The increase of capacitor temperature will increase the 

rate of change of ESR and capacitance.  

 

If the capacitor temperature increases, then the useful life of the LED driver will 

decrease. 

 

The assumption is that end-of-life criterion of the LED driver is defined as when the 

output current ripple of the LED driver increases to a critical point where the current 

ripple starts to increase significantly faster than before, as illustrated in the following Fig 

4-4. 
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Output Current Ripple vs. Time

0%

100%

200%

300%

400%

500%

0 2500 5000 7500 10000

Time (hrs)

O
ut

pu
t C

ur
re

nt
 R

ip
pl

e
(%

)

Current Ripple  

Fig 4-4 Output current ripple trend simulation (The solid vertical line illustrates 
the critical point when the end-of-life criterion is set.) 

 

This hypothesis was developed based on the failure rate estimation results that the 

electrolytic capacitor used in the LED driver’s output stage has the highest probability of 

failure and accounts for over 50% of the breakdowns. Since an electrolytic capacitor’s 

lifetime is sensitive to the temperature, it is expected that the lifetime of the LED driver 

would be shortened if the electrolytic capacitor is exposed to elevated ambient 

temperature conditions. 
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5. Experimental Design 

5.1 Experiment Variables 

5.1.1 Hypothesis 1 Experiment Variables 

1. Independent variables: 

 External resistance to simulate total ESR of the output capacitor; 

 LED driver type (2 from different manufacturers). 

 

2. Dependent variable: 

 Output current. 

 

3. Extraneous variables: 

 Ambient temperature. 

Since the ambient temperature will influence an electrolytic capacitor’s ESR, the 

ambient temperature fluctuation in this experiment may affect the amplitude of the 

output current ripples. Therefore, the ambient temperature was controlled to remain 

constant during the experiment. This was achieved by the experimental room’s air-

conditioning system. However, there could be temperature fluctuations due to 

seasonal changes. Since the experimental process lasts on the order of couple of 

hours, the impact of seasonal changes in the air-conditioning system are kept at 

minimum. 

 

 Load connected to the output 

In this experiment, the load was kept constant by using a 3W high power white LED. 

For a given LED, the equivalent series resistance has a negative relationship with its 

junction temperature. In the actual experiment, the LED was mounted on a piece of 

heat-sink that helped to keep the junction temperature from entering into thermal 

run-away situation. The measurements were taken after the LED pin temperature 

was stabilized. 
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5.1.2 Hypothesis 2 Experiment Variables 

1. Independent variables: 

 Capacitance of the output capacitor; 

 LED driver type (2 from different manufacturers). 

 

2. Dependent variable: 

 Output current. 

 

3. Extraneous variables: 

 Ambient temperature. 

Since the ambient temperature will influence an electrolytic capacitor’s capacitance, 

the ambient temperature fluctuation in this experiment may affect the amplitude of 

the output current ripples. Therefore, the ambient temperature should be controlled 

to remain constant during the experiment. This is achieved by the experimental 

room’s air-conditioning system. However, there could be temperature fluctuations 

due to seasonal changes. Since the experimental process lasts on the order of couple 

of hours, the impact of seasonal changes in the air-conditioning system are kept at 

minimum. 

 

 Load connected to the output. 

The same as in hypothesis 1. 

 

5.1.3 Hypothesis 3 Experiment Variables 

1. Independent variables: 

 Output capacitor temperature; 

 LED driver type (2 from different manufacturers). 

 

2. Dependent variable: 

 Output current. 

 



 

 48

3. Extraneous variables: 

 Fluctuation of the capacitor’s local ambient temperature. 

The local ambient temperature of the electrolytic capacitor in this experiment is kept 

stable by using a thermal pad and a digital temperature controller. The amplitude of 

the fluctuation of this local ambient temperature depends on the feedback control 

algorithm of the temperature controller and the input heating power. The relevant 

control parameters were tuned carefully in each different temperature case to 

minimize the fluctuation of the capacitor’s local ambient temperature (< ±1.5 °C). 

 

 Load connected to the output. 

The same as in hypothesis 1. 

 

5.2 Experimental Setup 

 

Fig 5-1 Experiment 1 setup diagram 
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Experiment 1 was designed for verification of hypothesis 1. Its setup is shown in Fig 5-1. 

The output of the LED driver was connected to a 3W high power LED. A Xitron 

2503AH powermeter (from Xitron Technologies, 5959 Cornerstone Court, West Suite 

100, San Diego, CA, 92121) was connected at the output of the LED driver to take 

measurements of current parameters such as current mean value and current peak-to-

peak value. The powermeter was connected to a personal computer through the general 

purpose interface bus (GPIB). The measurements of the output current parameters were 

automatically controlled by a customized LabVIEW program running on the PC. An 

external resistor or a combination of resistors was connected in series with the default 

output electrolytic capacitor in the LED driver to simulate the changes in ESR during 

degradation process. 

 

Two types of LED drivers from two different manufacturers were selected. For each 

type of LED drivers, 3 samples were provided for experiment 1. For LED driver A, the 

default output capacitor is 100 μF. Its ESR value is measured as 0.72 Ω (f = 120 Hz). 

The selected external resistance values were listed in Table 5-1. For LED driver B, the 

default output capacitor was 330 μF. Its ESR value was measured as 0.16 Ω (f = 120 Hz). 

The selected external resistance values were listed in Table 5-2. These external resistor 

values were chosen so that the output current ripple values of these 2 types of the LED 

drivers were comparable to each other. 

 

Table 5-1 Selection of the external resistance for LED driver A 
Driver type A       
Capacitance 
(uF) 100       

Default ESR 
(Ohm) 0.72 
External 
resistance 
(Ohm) 0.00 0.31 0.60 1.10 
Total ESR 
(Ohm) 0.72 1.03 1.32 1.82 
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Table 5-2 Selection of the external resistance for LED driver B 
Driver type B             
Capacitance 
(uF) 330             
Default ESR 
(Ohm) 0.16    
External 
resistance 
(Ohm) 0.00 0.19 0.30 0.60 1.10 1.59  2.09  
Total ESR 
(Ohm) 0.16 0.35 0.46 0.76 1.26 1.75  2.25  

 

 

 

Fig 5-2 Experiment 2 setup diagram 

 

Experiment 2 was designed for verification of hypothesis 2. The setup is shown in Fig 

5-2. The output of the LED driver was connected to a 3W high power LED. A Xitron 

2503AH powermeter was connected at the output of the LED driver to take 

measurements of current parameters such as current mean value and current peak-to-

peak value. The powermeter was connected to a PC through GPIB. The measurements of 
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the output current parameters were automatically controlled by a customized LabVIEW 

program running on the PC. The output electrolytic capacitor in the LED driver was 

replaced with other electrolytic capacitors of different capacitance values to simulate the 

changes in capacitance during degradation process. 

 

Two types of LED drivers from 2 different manufacturers were selected. And for each 

type of the LED driver, 3 samples were provided for experiment 2. For LED driver A, 

the default capacitor had a rated capacitance of 100 μF. The selected capacitance values 

of alternative capacitors were listed in Table 5-3. For LED driver B, the default capacitor 

had a rated capacitance of 330 μF. The selected capacitance values of alternative 

capacitors were listed in Table 5-4. The selected capacitance values were down to about 

10 to 15% of its default value respectively. 

 

Table 5-3 Selection of the capacitance values for LED driver A 
Driver type A             
Capacitance 
(uF) 100 82 56 47 33 22 10 
ESR (Ohm) 
(120Hz) 0.50 0.49 1.09 1.44 1.31 2.53  3.42  

 

Table 5-4 Selection of the capacitance values for LED driver B 
Driver type B       
Capacitance 
(uF) 330 220 100 47
ESR (Ohm) 
(120Hz) 0.16 0.40 0.73 1.05 
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Fig 5-3 Experiment 3 setup diagram 
 

Experiment 3 is designed for verification of hypothesis 3. Its setup is shown in Fig 5-3. 
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current parameters such as current mean value and current peak-to-peak value. The 

powermeter is connected to a PC through GPIB. The measurements of the output current 

parameters are automatically controlled by a customized LabVIEW program running on 
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temperature control. The heater is controlled by a digital temperature controller to 

provide stable temperature condition. The positive pin temperature of an electrolytic 

capacitor is found to be an indicative of the core temperature which decides the lifetime 

of an electrolytic capacitor. A J-type thermocouple is soldered at the root of the positive 

pin of the electrolytic capacitor to represent the capacitor temperature. An HP 34970A 

data acquisition/switch unit (DAQ) (from Hewlett Packard Co., 815 14th Street S.W., 

Loveland, Colorado, 80537) is used to sample the output of the thermocouple. The DAQ 

is also connected to the PC through GPIB. The measurement of the capacitor 

temperature is automatically controlled by a customized LabVIEW program running on 

the PC. 

 

5.3 Experimental Procedures 

5.3.1 Experiment 1 Procedure 

(1) The default output electrolytic capacitor is removed from the LED driver A #1’s 

PCB (Printed Circuit Board) for initial measurement.  

(2) An ESR/LCR meter is used to take measurements of initial ESR value of the default 

electrolytic capacitor.  

(3) A multi-meter is used to take measurements of the values of the selected external 

resistors. 

(4) A default electrolytic capacitor is soldered back onto the LED driver A #1’s PCB. 

(5) Connect the selected external resistor in series with the default electrolytic capacitor.  

(6) Power on the LED driver A #1 for about half an hour for stabilization.  

(7) Take measurements of output current parameters using a powermeter controlled by 

a LabVIEW program running on a PC. Three measurements are taken consecutively 

for one value of the external resistor.  

(8) Power off the LED driver A #1. 

(9) Replace with another selected external resistor. 

(10) Repeat procedure (6) (7) (8) (9) until all of the selected external resistors are used in 

the LED driver A #1. 

(11) Repeat procedure (6) (7) (8) (9) (10) for LED driver A #2 and LED driver A #3. 
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(12) Repeat procedure (1) to (11) for LED driver B #1, LED driver B #2, and LED driver 

B #3. 

 

5.3.2 Experiment 2 Procedure 

(1) The default output electrolytic capacitor is removed from the LED driver A #1’s 

PCB (Printed Circuit Board) for initial measurement.  

(2) An ESR/LCR meter is used to take measurements of its capacitance values of both 

the default electrolytic capacitor and other alternative electrolytic capacitors.  

(3) A default electrolytic capacitor is soldered back onto the LED driver A #1’s PCB.  

(4) Power on the LED driver A #1 for about half an hour for stabilization.  

(5) Take measurements of output current parameters using a powermeter controlled by 

a LabVIEW program running on a PC. Three measurements are taken consecutively 

for one electrolytic capacitor.  

(6) Power off the LED driver A #1. 

(7) Replace with another selected electrolytic capacitor. 

(8) Repeat procedure (4) (5) (6) (7) until all of the selected alternative electrolytic 

capacitors are used in the LED driver A #1. 

(9) Repeat procedure (4) (5) (6) (7) (8) for LED driver A #2 and LED driver A #3. 

(10) Repeat procedure (1) to (9) for LED driver B #1, LED driver B #2, and LED driver 

B #3. 

 

5.3.3 Experiment 3 Procedure 

(1) The default sound output electrolytic capacitor is removed from the LED driver A 

#1’s PCB (Printed Circuit Board).  

(2) Attach a J-type thermocouple onto the root of the positive pin of the electrolytic 

capacitor using soldering flux. 

(3) A default electrolytic capacitor is soldered back onto the LED driver A #1’s PCB. 

(4) Place the electrolytic capacitor into the local oven. 

(5) Power on the LED driver A #1. 
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(6) Set the desired local oven temperature. 

(7) Take measurements of output current parameters using a powermeter and capacitor 

temperature controlled by a LabVIEW program running on a PC. The measurements 

are taken periodically every minute. 

(8) Stop the heating facility and the automatic measurements when the output current 

parameters have reached the proposed end-of-life criterion. 

(9) Power off the LED driver A #1. 

(10) Replace the wear-out electrolytic capacitor with a sound one of exactly the same 

type. 

(11) Repeat the procedure (2) to (10) at a different local oven temperature until all of the 

selected temperature conditions are completed. 

(12) Repeat the procedure (1) to (11) for LED driver A #2 and LED driver A #3. 

(13) Repeat the procedure (1) to (12) for LED driver B #1, LED driver B #2, and LED 

driver B #3. 
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6. Results 

6.1 Experiment 1 Results 

6.1.1 Measurement Repeatability 

At each ESR condition in experiment 1, three consecutive measurements of output 

current parameters were taken. Fig 6-1 shows the relationship between ESR and output 

current parameters with error bar at each point showing standard deviation for LED 

Driver A #1. The diamond dots show the output current mean values, and the triangle 

dots the output current peak-to-peak values. Because the standard deviation of these 

measurements in experiment 1 is too small to be clearly seen in Fig 6-1, a partial 

enlargement of Fig 6-1 centered by the third triangle point from the left is shown in Fig 

6-2. Fig 6-3 shows the standard deviation value at each ESR condition for LED Dirver A 

#1. It can be seen that standard deviation values are all less than 4% at all different ESR 

conditions. Fig 6-4 to Fig 6-8 show relationship between output current parameters and 

ESR with error bars of standard deviation of three consecutive measurements at each 

ESR condition for LED driver A #2, A #3, B #1, B #2, and B #3 respectively. It can be 

seen that the measurement repeatability was well preserved in experiment 1. 
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Fig 6-1 Output current parameters vs. ESR for LED driver A #1 
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Fig 6-2 Partial enlargement of Fig 6-1 
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Fig 6-3 Standard deviation of output current parameters vs. ESR for LED driver A 
#1 
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Fig 6-4 Output current parameters vs. ESR for LED driver A #2 
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Fig 6-5 Output current parameters vs. ESR for LED driver A #3 
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Fig 6-6 Output current parameters vs. ESR for LED driver B #1 
 

Output Current vs. ESR
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Fig 6-7 Output current parameters vs. ESR for LED driver B #2 
 



 

 60

Output Current vs. ESR
(LED Driver B #3)
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Fig 6-8 Output current parameters vs. ESR for LED driver B #3 
 

6.1.2 Sample to Sample Data 

Plotting output current mean values of the 3 samples of LED driver A on the same chart 

gives Fig 6-9. It can be seen that although there is noticeable difference between samples 

at each ESR condition, they all show a consistent trend. That is, as ESR increases, output 

current mean value decreases. Fig 6-10 shows the relationship between ESR and output 

Current peak-to-peak value for LED driver A #1, #2, #3. Again they all show consistent 

trends although there is difference between samples. The trend is as ESR increases, 

output current peak-to-peak value increases.  
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Output Current Mean vs. ESR
(LED Driver A#1, #2, #3)
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Fig 6-9 Relationship between output current mean and ESR for LED driver A #1, 
#2, #3 

Output Current Peak-to-Peak vs. ESR
(LED Driver A#1, #2, #3)
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Fig 6-10 Relationship between output current peak-to-peak and ESR for LED 
driver A #1, #2, #3 
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Fig 6-11 shows the relationship between ESR and output current mean value for 3 

samples of LED driver B. In this case, the sample to sample variation is less than 2%. 

The overall trend is that, the output current mean value doesn’t change noticeably as 

ESR increases. Fig 6-12 shows the relationship between ESR and output current peak-to-

peak value for 3 samples of LED driver B. Similar to the case of LED driver A, there 

exists difference between samples, but the overall trends are consistent. As ESR 

increases, output current peak-to-peak value increases. 

 

Output Current Mean vs. ESR
(LED Driver B#1, #2, #3)
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Fig 6-11 Relationship between output current mean and ESR for LED driver B #1, 
#2, #3 
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Output Current Peak-to-Peak vs. ESR
(LED Driver B#1, #2, #3)
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Fig 6-12 Relationship between ESR and output current peak-to-peak for LED 
driver B #1, #2, #3 

 

6.1.3 Data Processing Method 

By using the formula of current ripple defined in section 4.2, the relationship between 

output current ripple and ESR was established. Fig 6-13, Fig 6-14 and Fig 6-15 show the 

relationship between output current ripple and ESR of LED driver A #1, A #2 and A #3 

respectively. After this positive relationship was confirmed by the statistical analysis 

(Appendix A) and proved to be consistent among all three samples of LED driver A, all 

sample data was combined and averaged to generate Fig 6-16. The positive relationship 

between output current ripple and ESR was again confirmed by statistical analysis 

(Appendix A) to the combined data of LED driver A. data of LED driver B was treated 

using the same data processing method. Fig 6-17 shows the relationship between output 

current ripple and ESR of LED driver B samples. 



 

 64

Output Current Ripple vs. ESR
(LED Driver A#1)
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Fig 6-13 Relationship between output current ripple and ESR of LED driver A #1 
(Dotted lines represent 95% confidence level boundaries.) 

Output Current Ripple vs. ESR
(LED Driver A#2)
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Fig 6-14 Relationship between output current ripple and ESR of LED driver A #2 
(Dotted lines represent 95% confidence level boundaries.) 
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Output Current Ripple vs. ESR
(LED Driver A#3)
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Fig 6-15 Relationship between output current ripple and ESR of LED driver A #3 
(Dotted lines represent 95% confidence level boundaries.) 

Ouput Current Ripple vs. ESR
(LED Driver A Combined)
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Fig 6-16 Relationship between output current ripple and ESR of LED driver A 
(Dotted lines represent 95% confidence level boundaries.) 
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Output Current Ripple vs. ESR
(LED Driver B Combined)
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Fig 6-17 Relationship between output current ripple and ESR of LED driver B 
(Dotted lines represent 95% confidence level boundaries.) 

 

6.1.4 Hypothesis 1 Verification 

Based on the results of statistical analysis (Appendix A), there is a statistically reliable 

positive correlation between current ripple and ESR for both LED driver A and LED 

driver B. So, hypothesis 1 that states if the ESR of the output capacitor increases then 

the output current ripple of the LED driver will increase is verified. 

 

6.1.5 Summary of Experiment 1 Results 

As the ESR of the output capacitor increases, the output current ripple of the LED driver 

will accordingly increase. However, the output current ripple of LED driver A is more 

sensitive to ESR change than that of LED driver B. It can be calculated that LED driver 

A’s Δ ripple /Δ ESR is 59% / Ω, while LED driver B’s Δ ripple /Δ ESR is 22% / Ω.  
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6.2 Experiment 2 Results 

6.2.1 Data Processing Method 

Fig 6-18 shows the relationship between capacitance and output current ripple for LED 

driver A. A statistical analysis (Appendix A) was conducted to the combined data of 

LED driver A in experiment 2.  
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Fig 6-18 Relationship between output current ripple and capacitance for LED 
driver A (Dotted lines represent 95% confidence level boundaries.) 

 

Fig 6-19 shows the relationship between capacitance and output current ripple for LED 

driver B. A similar statistical analysis was conducted to the combined data of LED 

driver B in experiment 2.  

y = 6.994x -0.617 

y = 2.548x -0.942 
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Output Current Ripple vs. Capacitance
(LED Driver B Combined)
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Fig 6-19 Relationship between output current ripple and capacitance for LED 
driver B (Dotted lines represent 95% confidence level boundaries.) 

 

6.2.2 Hypothesis 2 Verification 

Based on the results of statistical analysis (Appendix A), there is a statistically reliable 

negative correlation between current ripple and ESR for both LED driver A and LED 

driver B. So, hypothesis 2 that states if the capacitance of the output capacitor decreases 

then the output current ripple of the LED driver will increase is verified. 

 

6.2.3 Summary of Experiment 2 Results 

As the capacitance of the output capacitor decreases, the output current ripple of the 

LED driver will accordingly increase. However, the output current ripple of LED driver 

A is more sensitive to capacitance change than that of LED driver B. It can be calculated 
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that LED driver A’s Δ ripple /Δ C is 0.74% / μF, while LED driver B’s Δ ripple /Δ C is 

0.20% / μF.  

 

6.3 Experiment 3 Results 

6.3.1 Data Processing Method 

The establishment of the relationship between useful lifetime of the LED driver and the 

capacitor temperature involves capturing output current parameters, calculating output 

current ripple trends, calculating 2nd derivatives of the output current ripple and targeting 

its peak, estimating the time elapsed till end-of-life point for each of the capacitor 

temperature case. 

 

Fig 6-20 shows the output current parameter drift through degradation for LED driver A 

#3 when capacitor temperature is kept at 179°C. The solid line represents the output 

current mean value; the dashed line represents the output current peak-to-peak value. 

And the dotted line shows the calculated current ripple value. It can be seen that the 

output current mean value decreases slowly while the output current peak-to-peak value 

increases with time. The combined result is that the current ripple increase slowly at first, 

than at some point it starts to take off, and increase more and more rapidly. 

 

Fig 6-21 shows the output current parameter drift through degradation for LED driver B 

#1 when capacitor temperature is kept at 174°C. Similarly, the solid line represents the 

output current mean value; the dashed line represents the output current peak-to-peak 

value. And the dotted line is the calculated current ripple value. The difference here is 

that output current mean value keeps constant through the degradation process while 

only the output current peak-to-peak value increases with time. So, the current ripple is 

sheer from the contribution of current peak-to-peak amplitude. The current ripple 

increases at a relatively slow rate at first, and than at certain point it transit to increase at 

a higher and higher rate. This is very similar to the simulation results demonstrated in 

Fig 3-14. 
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Current vs. Time
(LED Driver A #3, Tcap = 179C)
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Fig 6-20 Output current parameter drift through degradation for LED driver A #3 
(Tcap = 179 °C) 
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Current vs. Time
(LED Driver B #1, Tcap = 174C)
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Fig 6-21 Output current parameter drift through degradation for LED driver B #1 
(Tcap = 174°C) 

LED Driver B#1 Output Current Ripple &
Derivative (Tcap = 174C)

0%
30%
60%
90%

120%
150%

0 20 40 60 80 100 120

Time (hrs)

C
ur

re
nt

R
ip

pl
e 

(%
)

-0.01
0.00
0.01
0.02
0.03
0.04

D
er

iv
at

iv
e

Current Ripple 1st Derivative
2nd Derivative

 
Fig 6-22 Output current ripple and derivative for LED driver B #1 (Tcap = 174°C) 
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Fig 6-22 shows an example of taking derivatives of output current ripple for one 

temperature case of LED drive B #1. The solid line represents the output current ripple, 

the dashed line is the 1st derivative of the output current ripple, and the dotted line is the 

2nd derivative. The peak of the dotted line, which is the 2nd derivative of the output 

current ripple, is at approximately 114 hours. According to the end-of-life criterion 

proposed before, this is the point considered the end-of-life point of this LED driver at 

this particular temperature condition. So this LED driver sample’s useful life at capacitor 

temperature of 174°C is identified at 114 hours. 

 

Treating the data using the abovementioned data processing method for all of the 

temperature cases of LED driver A #3, Fig 6-23 was obtained showing a set of current 

ripple degradation trends at different temperature cases for LED driver A#3. The 

diamond dots represent the end-of-life points respectively. Then repeating the same data 

processing method for the data of all 3 samples of LED driver A generates a lifetime 

profile as a function of capacitor temperature, as depicted in Fig 6-24. Notice the vertical 

axis is in logarithmic scale. The diamond dots represent LED driver A #1. The square 

dots represent LED driver A #2. And the triangle dots represent LED driver A #3. 
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Current Ripple vs. Time
(LED Driver A#3)
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Fig 6-23 Output current ripple trends at different temperature cases for LED 
driver A #3 (The diamond dots represent end-of-life points respectively.) 
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Lifetime vs. Capacitor Temperature
(LED Driver A)
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Fig 6-24 Lifetime profile of LED driver A #1, #2, #3 
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Current Ripple vs. Time
(LED Driver B#1)
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Fig 6-25 Output current ripple trends at different temperature cases for LED 
driver B #1 (The diamond dots represent end-of-life points respectively.) 
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Lifetime vs. Capacitor Temperature
(LED Driver B)
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Fig 6-26 Lifetime profile of LED Driver B #1, #2, #3 
 

The data of 3 samples of LED driver B was processed using the same data processing 

method described before. Fig 6-25 shows Output Current Ripple Trends at Different 

Temperature Cases for LED Driver B #1. The diamond dots represent the end-of-life 

points for different temperature cases. Then repeat this data processing method for the 

data of all 3 samples of LED driver B yields a lifetime profile as a function of capacitor 

temperature for LED driver B, as depicted in Fig 6-26. The diamond dots represent LED 

driver B #1. The square dots represent LED driver B #2. And the triangle dots represent 

LED driver B #3. 
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6.3.2 Hypothesis 3 Verification 

Based on the results of statistical analysis, there is a statistically reliable relationship 

between useful lifetime and capacitor temperature. So, hypothesis 3 that states if the 

capacitor temperature increases then the useful lifetime of the LED driver will decrease 

is verified. 

 

6.3.3 Curve Fitting and Extrapolation for Lifetime Prediction 

Exponential function in the form of bxaey = was found to be a good fit to the 

relationship between useful lifetime of the LED driver and its output capacitor 

temperature. Fig 6-27 shows the piecewise exponential curve fitting for LED driver A’s 

lifetime vs. capacitor temperature relationship. It should be pointed out that at around 

190 ºC, the lifetime curve bends sharply, which suggests that there exist multiple failure 

mechanisms. Under extremely high temperature conditions, not only the vaporization of 

electrolyte happens, but also the deterioration of electrolyte occurs. The chemical 

decomposition induced by extremely high temperature further derates the output 

capacitor’s performance, causing a rapidly reduced useful lifetime under that condition. 

Therefore, only the data points below 190 ºC (the diamond dots shown in Fig 6-27) 

should be used in extrapolation for lifetime prediction in order to avoid introducing extra 

failure mechanisms.  

 

Fig 6-28 shows useful lifetime prediction for LED driver A by exponential extrapolation. 

For example, if the capacitor temperature is at 100 ºC, the predicted useful lifetime of 

LED driver A is approximately 6633 hours. The useful lifetime derating caused by 

elevated capacitor temperature is calculated as 59% / 10ºC. That means every 10ºC 

increase in capacitor temperature will render useful life of LED driver A 59% of its 

original value. 
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Lifetime vs. Capacitor Temperature
(LED Driver A)

y = 7E+16e-0.1857x

R2 = 0.8134

y = 1E+06e-0.0522x

R2 = 0.9894

0.1

1

10

100

1000

10000

0 50 100 150 200 250

Capacitor Temperature (degree C)

Ti
m

e 
(h

rs
)

T < 190C T > 190C
 

Fig 6-27 LED drive A lifetime profile with piecewise exponential curve fitting 
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Lifetime vs. Capacitor Temperature
(LED Driver A)

y = 1E+06e-0.0522x

R2 = 0.9894
0.1

1

10

100

1000

10000

0 50 100 150 200 250

Capacitor Temperature (degree C)

Ti
m

e 
(h

rs
)

T < 190C Expon. (T < 190C)
 

Fig 6-28 LED driver A lifetime prediction (Derating factor: 59 % / 10 ºC) 
 

Fig 6-29 shows the piecewise exponential curve fitting for LED driver B’s lifetime vs. 

capacitor temperature relationship. It should be pointed out that at around 180 ºC, the 

lifetime curve bends sharply, which also suggests the existence of multiple failure 

mechanisms. It is also believed that both the vaporization and the deterioration of 

electrolyte happen together under extremely high temperature conditions. Therefore, 

only the data points below 180ºC (the diamond dots shown in Fig 6-29) should be used 

in extrapolation for lifetime prediction in order to avoid introducing extra failure 

mechanisms.  
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Fig 6-28 shows useful lifetime prediction for LED driver B by exponential extrapolation. 

For example, if the capacitor temperature is at 100 ºC, the predicted useful lifetime of 

LED driver B is approximately 13169 hours. The useful lifetime derating caused by 

elevated capacitor temperature is calculated as 53% / 10ºC. That means every 10ºC 

increase in capacitor temperature will render useful life of LED driver A 53% of its 

original value. 
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Fig 6-29 LED drive B lifetime profile with piecewise exponential curve fitting 

 

 



 

 81

Lifetime vs. Capacitor Temperature
(LED Driver B)
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Fig 6-30 LED driver B lifetime prediction (Derating factor: 53 % / 10 ºC) 
 

6.3.4 Summary of Experiment 3 Results 

The useful lifetime of both of the 2 LED drivers used in experiment 3 decreases 

exponentially as its output capacitor temperature increases. LED driver A’s useful life is 

slightly more sensitive to capacitor temperature change than that of LED driver B. The 

useful lifetime derating caused by capacitor temperature for LED driver A is 59% / 10ºC. 

The useful lifetime derating caused by capacitor temperature for LED driver B is 53% / 

10ºC. 
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7. Discussion 

7.1 Comparison of Impact of ESR and Capacitance Change on Output 
Current Ripple 

 

Both ESR increase and capacitance decrease can cause increase of output current ripple.  

It is desired to further analyze which of the 2 factors that has a relatively greater impact 

on output current ripple increase. 

 

Consider typical range of ESR change to evaluate its impact on output current ripple. 

The initial ESR value of the electrolytic capacitor used in LED driver A is about 0.72 Ω, 

and develops to about 10 Ω when the capacitor is degraded. LED driver A’s Δ ripple /Δ 

ESR  is 59% / Ω, so a change of 10 Ω in ESR can cause 590% of its output current ripple 

increase. Similarly, the initial ESR value of the electrolytic capacitor used in LED driver 

B is about 0.16 Ω, and develops to about 10 Ω when the capacitor is degraded. LED 

driver B’s Δ ripple /Δ ESR is 22% / Ω, and a change of 10 Ω in ESR can cause 220% of 

its output current ripple increase.  

 

Consider typical range of capacitance change to evaluate its impact on output current 

ripple. The initial capacitance of the electrolytic capacitor used in LED driver A is 100 

µF. A typical 20% drop of capacitance is expected when the capacitor is degraded. LED 

driver A’s Δ ripple /Δ C is 0.74% / µF, so a change of 20 µF can cause 14.8 % of its 

output current ripple increase. Similarly, the initial capacitance of the electrolytic 

capacitor used in LED driver B is 330 µF. A typical 20% drop of capacitance is expected 

when the capacitor is degraded. LED driver B’s Δ ripple /Δ C is 0.20% / µF, so a change 

of 66 µF can cause 13% of its output current ripple increase.  
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Capacitance Degradation
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Fig 7-1 Capacitance change after 1800 hours exposed at 130 °C for LED driver B 
(decreased by 18%) 
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Fig 7-2 ESR change after 1800 hours exposed at 130 °C for LED driver B 
(increased by 1360%) 

 

From the above analysis, it is obvious that current ripple development is mostly 

dominated by ESR than capacitance. this is consistent with Venet’s (1999) findings for 

static converter applications. And this is also experimentally confirmed by taking 

measurements of the capacitance and ESR values of the electrolytic capacitor at sound 
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condition and at degraded condition. Fig 7-1 shows the capacitance change before the 

capacitor is exposed to elevated temperature condition and after 1800 hours of treatment 

at 130 °C. Fig 7-2 shows ESR change before and after 1800 hours of treatment at 130°C. 

The capacitance dropped by 18% of its initial value, while ESR increased by 2360% of 

its initial value. So it is the significant increase in ESR value that will dominantly affect 

the LED driver’s output current ripple change.  

 

ESR is a critical parameter when selecting output capacitor component. ESR is the major 

cause of high frequency current ripple, because at switching frequency of around 10kHz, 

the impedance of an electrolytic capacitor is dominated by its ESR value, and it limits 

the filter function of the capacitor. 

 

7.2 Impact of Topologies of LED Drivers on Output Current Ripple 

The final experiments show that output current ripple of different types of LED drivers 

has different sensitivity to capacitance change and ESR change. This is mainly due to the 

difference in LED driver topology. LED driver A is a standard flyback converter so that 

its ripple is mainly at switching frequency which is solely dependent on ESR. LED 

driver B performs both current regulation as a standard flyback and power factor 

correction. Its output current ripple has a 120 Hz sinusoidal like ripple envelop 

superimposed with high frequency switching ripple. Thus, ESR change only affects the 

width of the ripple envelop while the amplitude of the ripple envelop is determined by 

the capacitance, which doesn’t experience significant change compared to that of ESR. 

However, the downside of LED driver B is that the initial current ripple absolute value is 

fairly high due to the limitation of the speed of the output voltage feedback loop. 

Therefore, for applications using the type of LED driver B, it is important to ensure that 

the peak current will not exceed the LED’s maximum allowable forward current for 

better reliability. 
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7.3 Component Lifetime vs. Application Lifetime 

The output electrolytic capacitor used in LED driver A has a component lifetime of 1000 

hours @ 105ºC, and the output electrolytic capacitor in LED driver B has a component 

lifetime of 5000 hours @ 105ºC. However, given the same capacitor temperature of 

100ºC, LED driver A’s useful life is 6633 hours while LED driver B’s useful lifetime is 

13169 hours. Although the component lifetime of the output electrolytic capacitor in 

LED driver B is 5 times of that of the output electrolytic capacitor used in LED driver A, 

it does not guarantee that the application lifetime of LED driver B is also 5 times that of 

that of LED driver A. In fact, the useful lifetime of LED driver B is 2 times that of LED 

driver A. This implies that the capacitor manufacturers’ end-of-life definition is not 

always applicable to application. The component’s useful lifetime in a system largely 

depends on application requirements and specific operating environments. 

 

7.4 Limitations and Proposed Future Study 

This study only considers the type of offline LED drivers that uses an electrolytic 

capacitor at the output stage. For other type of LED drivers that does not have an 

electrolytic capacitor installed at the output stage, this study’s methods and results may 

not be valid. 

 

In this study, an end-of-life criterion based on the analysis of the rate of change of the 

output current ripple was proposed. Different end-of-life criterion may affect the 

predicted lifetime value. For instance, the predicted useful lifetime could be shorter in 

applications that have a tighter tolerance to output current ripple. 

 

This study only considered continuous operation of the LED drivers. In real applications, 

the usage pattern can also impact the useful life of an off-line LED driver. The above-

mentioned test method does not take switching operation into consideration. Additional 

studies are needed to quantify performance if frequent turning on and off operations 

exist. 
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In this study, only the output capacitor instead of the whole LED driver was treated with 

elevated temperature stress. This is because the potting compound which is often used 

for insulation purpose in commercial LED drivers will cause uncomfortable smell and 

smoking at temperatures above 100ºC, but the accelerated life testing needs to apply 

temperature treatment above 100ºC. So based on the literature review and component 

failure rate estimation results for the LED drivers, the output electrolytic capacitor was 

assumed to be the weakest link in an LED driver, and it was chosen to receive 

temperature treatment rather the whole LED driver. The next step is to develop a method 

so that the whole LED driver will experience the stress condition instead of a single 

component. 

 

Other types of LED drivers, other acceleration patterns like cycling, other acceleration 

factors such as input voltage, humidity, and vibration, may also be used in this 

accelerated life testing study. A combination of several acceleration factors helps to 

rapidly identify an electronic system’s weak link and reliability issue. 
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8. Summary 

The output electrolytic capacitor is estimated to have the highest failure rate in offline 

LED drivers. As an electrolytic capacitor degrades, its ESR increases and its capacitance 

decreases. The electrolytic capacitor’s lifetime is sensitive to operating temperature. 

Heat affects the rate of change of ESR and capacitance and accelerates the degradation 

process. The LED driver’s output current ripple increases when the output capacitor’s 

ESR increases and its capacitance decreases. Therefore, the LED driver’s output current 

ripple was shown to be a good predictor of the useful life of the LED drivers. For the 

LED drivers tested, useful lifetime decreased exponentially as capacitor temperature 

increased. Output current ripple is affected by LED driver topologies. Generally, ESR 

change has much more impact on output current shift than capacitance change. A long 

component lifetime of an electrolytic capacitor does not guarantee an equivalently long 

application lifetime. It depends on application requirements and specific operating 

environments. 
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10. Appendix A: Statistical Analysis 

The statistical analysis methods used to verify hypothesis were evaluation of correlation 

coefficient, and 95% confidence level calculation. The first method states that, if the 

calculated correlation coefficient from variable X and variable Y is found to be greater 

than the threshold, then there is a positive relationship between Y and X for correlation 

coefficient greater than 0, or there is a negative relationship between Y and X for 

correleaiton coefficient less than 0 (McGuigan, 1997). The second method involves 

choosing curve fitting and calculates the upper and lower boundaries of 95% confidence 

level. If the lower boundary curve still has an increasing trend as indicated by a positive 

sign of the 1st derivative of Y as a function of X, then there is a positive relationship 

between Y and X. Similarly, if the upper boundary curve is proved to an decreasing 

trend as indicated by a negative sign of the 1st derivative of Y as a function of X, then 

there is a negative relationship between Y and X. 
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Fig 10-1 Relationship between output current ripple and ESR of LED driver A #1 
(Dotted lines represent 95% confidence level boundaries.) 
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By using the formula of current ripple defined in section 4.2, the relationship between 

ESR and output current ripple was established. Fig 10-1 shows the relationship between 

ESR and output current ripple of LED driver A #1. The first statistical method shows 

that, the calculated R(correlation coefficient) is 0.980, whose absolute value is greater 

than 0.950 (threshold for p = 0.05, N = 4). This proves that there is a statistically reliable 

positive correlation between current ripple and ESR for LED driver A #1. The second 

statistical anaylysis method gives the boundaries of 95% confidence level as indicated 

by the 2 dotted lines shown in Fig 10-1. The slope upper limit is 1.2569, and the slope 

lower limit is 0.2907. Even the lower limit of the slope is positive, suggesting that as 

ESR increases, there is a reliable increase of the current ripple for LED driver A #1. 

Similar statistical methods were performed to the data of LED driver B #2, and LED 

driver B #3, as shown in Fig 10-2 and Fig 10-3.  
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Fig 10-2 Relationship between output current ripple and ESR of LED driver A #2 
(Dotted lines represent 95% confidence level boundaries.) 
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Output Current Ripple vs. ESR
(LED Driver A#3)
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Fig 10-3 Relationship between Output Current Ripple and ESR of LED Driver A 
#3 (Dotted lines represent 95% confidence level boundaries.) 

 

Since all of the 3 samples of LED driver A showed consistent trends and were proved to 

have a statistically reliable positive relationship between current ripple and ESR, the data 

was averaged at each ESR condition to generate Fig 10-4. A similar statistical analysis 

was conducted to the combined data of LED driver A in experiment 1. The calculated 

correlation coefficient is 0.990, which is greater than 0.950 (threshold for p = 0.05, N = 

4). This proves that there is a statistically reliable positive correlation between current 

ripple and ESR for the LED driver A. 95% confidence level calculation shows that, the 

slope upper limit is 1.1851, and the slope lower limit is 0.4689, both of which are 

positive, suggesting that as ESR increases, there is a reliable increase of the current 

ripple for LED driver A. This verifies hypothesis 1 for LED driver A. 
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Ouput Current Ripple vs. ESR
(LED Driver A Combined)
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Fig 10-4 Relationship between output current ripple and ESR of LED driver A 
(Dotted lines represent 95% confidence level boundaries.) 
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(LED Driver B Combined)
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Fig 10-5 Relationship between output current ripple and ESR of LED driver B 
(Dotted lines represent 95% confidence level boundaries.) 



 

 97

 

Data of 3 samples of the LED driver B went through the same data processing procedure 

as described above. Fig 10-5 shows the relationship between ESR and output current 

ripple using combined data from 3 samples of LED driver B. A similar statistical 

analysis was conducted to the combined data of LED driver B in experiment 1. The 

calculated correlation coefficient is 0.996, which is greater than 0.754 (threshold for p = 

0.05, N = 7). This proves that there is a statistically reliable positive correlation between 

current ripple and ESR for the LED driver B. 95% confidence level calculation shows 

that, the slope upper limit is 0.2443, and the slope lower limit is 0.1964, both of which 

are positive, suggesting that as ESR increases, there is a reliable increase of the current 

ripple for LED driver B. This verifies hypothesis 1 for LED driver B. 

 

Fig 10-6 shows the relationship between capacitance and output current ripple for LED 

driver A. Performing the first statistical analysis method yields a calculated correlation 

coefficient of - 0.821, which is greater than 0.754 in absolute value (threshold for p = 

0.05, N = 7). This proves that there is a statistically reliable negative correlation between 

current ripple and capacitance for the LED driver A. Notice that this set of data can be 

well fit using power function in the form of baxy = . The 95% confidence level 

calculation yields the range of parameter a  and b .  

994.6548.2 ≤≤ a , 

617.0942.0 −≤≤− b . 

Given 10010 ≤≤ x , the 1st derivative 01' <= −babxy . 

This suggests that as capacitance decreases, there is a reliable increase of the current 

ripple for LED driver A. This verifies hypothesis 2 for LED driver A. 
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Output Current Ripple vs. Capacitance
(LED Driver A Combined)
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Fig 10-6 Relationship between output current ripple and capacitance for LED 
driver A (Dotted lines represent 95% confidence level boundaries.) 

 

Fig 10-7 shows the relationship between capacitance and output current ripple for LED 

driver B. Performing the first statistical analysis method yields a calculated correlation 

coefficient of - 0.991, which is greater than 0.950 in absolute value (threshold for p = 

0.05, N = 4). This proves that there is a statistically reliable negative correlation between 

current ripple and capacitance for the LED driver B. using a linear curve fit, the 95% 

confidence level calculation shows that, the slope upper limit is - 0.0011, and the slope 

lower limit is - 0.0028, both of which are negative, suggesting that as capacitance 

decreases, there is a reliable increase of the current ripple for LED driver B. This verifies 

hypothesis 2 for LED driver B. 

 

y = 6.994x -0.617 

y = 2.548x -0.942 
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Output Current Ripple vs. Capacitance
(LED Driver B Combined)
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Fig 10-7 Relationship between output current ripple and capacitance for LED 
driver B (Dotted lines represent 95% confidence level boundaries.) 

 

Fig 10-8 shows the relationship between LED driver A’s useful lifetime and its capacitor 

temperature. Using the first statistical analysis method shows that the calculated 

correlation coefficient is – 0.876, whose absolute value is greater than 0.349 (p = 0.05, N 

= 32). This confirms that there is a statistically reliable negative correlation between 

useful life and capacitor temperature for LED driver A. This verifies hypothesis 3 for 

LED driver A. 
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Lifetime vs. Capacitor Temrpeature
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Fig 10-8 Lifetime profile of LED driver A 
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Lifetime vs. Capacitor Temperature
(LED Driver B )
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Fig 10-9 Lifetime profile of LED driver B  

 

Fig 10-9 shows the relationship between LED driver B’s useful lifetime and its capacitor 

temperature. Using the first statistical analysis method shows that the calculated 

correlation coefficient is – 0.942, whose absolute value is greater than 0.497 (p = 0.05, N 

= 15). This confirms that there is a statistically reliable negative correlation between 

useful life and capacitor temperature for LED driver B. This verifies hypothesis 3 for 

LED driver B. 

 

 

 

 


