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Abstract

* The gap is bridged between the component level
and the circuit system level.

* A multi-phase model is established according to
function processes of circuit.

* A universal numerical approach is provided for
predicting the lifetime of LED drivers.
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The accurate and effective reliability prediction of light emitting diode (LED) drivers has
emerged as a key issue in LED applications. However, previous studies have mainly focused
on the reliability of electrolytic capacitors or other single components while ignoring circuit
topology. In this study, universal generating function (UGF) and physics of failure (PoF)
are integrated to predict the reliability of LED drivers. Utilizing PoF, lifetime data for each
component are obtained. A system reliability model with multi-phase is established, and
system reliability can be predicted using UGF. Illustrated by a two-channel LED driver, the
beneficial effects of capacitors and MOSFETs for the reliability of LED drivers is verified.
This study (i) provides a universal numerical approach to predict the lifetime of LED driv-
ers considering circuit topology, (ii) enhances the modelling and reliability evaluation of
circuits, and (iii) bridges the gap between component and circuit system levels.
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Notation

X1,*+»X,  Independent variables in system A The coefficient

uy. (2) Probability distribution of each variable The Boltzmann constant

Pij Probability of variable / in the possible state ./ E, The activation energy

ki The number of states of variable i T Absolute temperature

ta The failure time of component A4 ESRr The initial ESR

F, The cumulative distribution of component A4 c The temperature-dependent degradation rates of capaci-
p tors

Ja®) The probability density function of component A G The base degradation rate of capacitors

0.0, The MOSFET Acap The surface area of the electrolytic capacitor

Ny, N, The windings d The average distance of the electrolytic capacitor

Ci_y The capacity @ The conductivity of the electrolytic capacitor

LS,,LS;  The LED strings RH The relative humidity

Dy, D, The diodes Vin The power supply

Ly, Lyr  The inductors X3 The description of the structure in circuit
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Abbreviations

SSL Solid-State Lighting
LED Light-Emitting Diode
LCD Liquid Crystal Display
PF Particle Filter

RUL Remaining Useful Time

1. Introduction

As a new type of solid-state lighting (SSL), LED applications are
rapidly increasing in many domains, including industrial/decorative
illumination, liquid crystal display (LCD) backlighting, and automo-
bile lamps [16] [22]. In addition to their wide range of applications,
LEDs provide longer operating times and higher levels of reliability.
However, compared with the lifetime of LED chips, LED drivers are
found to have shorter lifetimes, as reported by the U.S. Department
of Energy [33]. This discrepancy can contribute to up to 52% of total
system failures [25] [29], as the operating time and reliability of LED
systems are largely dependent on LED drivers [36].

In general, researchers have focused on two types of LED drivers:
linear mode drivers and switch mode drivers [32] [39]. By studying
LED driver schematics, many researchers have developed various ap-
proaches to predict the reliability of LED drivers. In terms of linear
mode drivers, Song Lan et al. [17] presented a black box method to
locate the weak point and study the reliability of a regulated LED
driver circuit. A particle filter (PF) method [14] was implemented and
combined with nonlinear least squares (NLS) and nonlinear mixed-
effect estimation (NLME) to predict the remaining useful time (RUL).
Lan et al. [15] [16] studied the degradation of a linear mode high-
power LED driver, and hot carrier injection (HCI) has been revealed
as the main degradation mechanism. In terms of switch mode drivers,
Koosuke et al. [8] presented a diagnosis method for an output smooth-
ing capacitor, and the lifecycle ageing rate was projected for the ac-
tive circuit over the system life thanks to equivalent series resistance
(ESR). Based on the PoF, Zhou [40] predicted the RUL by utilizing an
accelerated ageing test.

However, several issues exist in current studies: (i) researchers
have only focused on the electrolytic capacitors or other single types
of components in LED drivers; (ii) the circuit topology and multiphase
status of LED drivers have been ignored in previous analyses; and (iii)
there has been no assurance that degradation laws and other particu-
lar factors will not change during acceleration tests. These drawbacks
can lead to inaccurate prediction results, especially for complex LED
driver systems with multiple phases.

To address these issues, this study aims to establish a reliability
prediction model based on the operation profile of a circuit with mul-
tiple phases and bridge the gap between the component level and
circuit system level. First, utilizing a PoF model, various parameters
are discretized based on the failure mechanisms and the distribution
model. Then, the failure probability curve can be fitted in terms of the
correlation between the time and time to failure (TTF). Third, a spe-
cific two-channel switch mode LED driver is illustrated to establish
the reliability model. Finally, system reliability prediction results are
estimated using a UGF. The main contributions are as follows: (1)
The proposed approach can provide a way to bridge the gap between
the component level and circuit system level using a combined UGF
and PoF approach. (2) This universal multiphase modelling approach,
based on the function process of the circuit, can predict the lifetime
of'an LED driver.

The remainder of this paper is organized as follows. Some basic
concepts, including the UGF and TTF, are introduced in Section 2.
Based on the framework of the novel reliability prediction approach,
the detailed modelling, analysis, and prediction of two-channel LED
drivers are proposed in Section 3. The experimental procedure and re-

HCI Hot Carrier Injection

ESR Equivalent Series Resistance
UGF Universal Generating Function
TTF Time and Time to Failure

PoF Physics of Failure

sults are proposed in Section 4. Finally, a discussion and conclusions
are provided in Sections 5 and 6.

2. Basic conception

2.1. Universal generating function (UGF)

Generally, the reliability prediction of a circuit follows competition
rules [12]. The process regards the circuit as a cascaded structure and
takes the minimum lifetime of components as the lifetime. However, a
competition model is clearly inaccurate in reliability prediction, espe-
cially for circuit systems with high complexity such as series-parallel
and backup structures. To bridge the gap between the component level
and circuit system level, the UGF approach is utilized in this paper.

The UGF approach [2] [26] [34] is typically used to describe the
relationship of reliability between components and a system. It was
first introduced by Ushakov [34] and generally applied in reliability
assessment with multi-state components [26]. Assume that there are n
independent components xj,---,x,, , k; is the possible state of compo-
nent X;, and Py is the probability of component x; at state j . The
probability distribution of each variable is discretely represented by a
u-function ( uy, (") ) and then replaces e as z ,as shown in (1). In an
evaluation of system reliability, the u-function combines the reliabil-
ity and performance to describe the component state distribution:

k; )
Uy (2)=2 py -2’ )]
=

If the component is a binary unit, state 0 is the failure state, and
state 1 is the success state. The u-function of component X; can be
denoted as follows:

u, (2)=(1-p)z" + p7' @)

According to a series or parallel structure, the u-function of the
structure can be described as follows [2] [18]:

Useries(z) =min {xls" - Xp }: uxl (Z)(:)uxz (Z)"'%?uxn (2) 3)

U paratiet (2) = max {xq,...,.x, }=u, (2) By (z)---m®aX uy, (2)  (4)

The reliability of the system can be described as shown in (4), in
which z represents the no-fault status:

R=U'(2) )

2.2. Time-to-failure distribution for multiple phases

An LED driver circuit has the following characteristics: (i) the cir-
cuit system can be divided into i phases based on the direction of
the current and the operation of the circuit; (ii) the components have
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various operation times; (iii) the TTF of components obeys various
distributions; and (iv) i phases form a cycle, and the multiple cycles
are serially structured [23] [35].

In accordance with the terminology introduced in [6] [7] [28], if the
random variable 4 is in state {(1<i<n), or A=i it simply means
that 4 has failed in the ¢4 € [ i —I)A,iA] interval, where ¢, is the
failure time of component 4, F, is the cumulative distribution, A
is the interval length A=T/n , and n is the time granularity:

P(A=i)=P((i-DA <ty <iN)= j(iiA_l) AJaOadt
= F4(iA) = F4((i=1)A)

(6)

Similarly, if 4 is said to be in state (n+1), then A has survived
the mission time 7 :

P(A=n+1)=P(ty>T)=[ f4(0)dt =1 F(T) (7)

3. Reliability Prediction Approach for LED Driver

3.1. Framework of reliability prediction approach

In practice, the normal degenerative process of a specific LED
driver system can take years to display a conspicuous change. To ad-
dress this restriction, a novel reliability prediction approach based on
the PoF is proposed, which is shown in Fig. 1. Integrated with the
failure mechanisms and topological structure of the system, this ap-

proach provides a universal numerical and simulation approach for
predicting the lifetime of LED drivers. With the analysis of failure
mechanisms, the major factors of degradation of components are de-
termined (Step 1-Step 3). By utilizing the PoF method, the lifetime
data for each component can be obtained by random sampling simula-
tions (Step 4-Step 5). Then, the operation process of the circuit can be
analysed and divided into multiple phases (Step 6). A reliability model
can be established for the LED driver at each phase (Step 7). Finally,
the reliability of the circuit system can be estimated with the lifetime
curve above as the input data according to the topological structure of
the multiphase circuit utilizing a UGF (Step 8).

3.2. Failure probability model for a single component

3.2.1. Topology of LED driver

It is well known that the balance of current is a vital function
for LED drivers [32]. A switch mode LED driver has the dominant
advantage in balancing the current with full bridge and half-bridge
topologies. This mode features a simple structure and precise cur-
rent balance. Thus, switch mode LED drivers have received increas-
ing attention [19] [37]. Compared with the traditional topology of a
switch mode LED driver, a two-channel non-isolated LED driver has
the following advantages [3] [4] [9]: (i) owing to a DC-blocking ca-
pacitor, LED currents can be balanced automatically; (ii) owing to the
combination of the DC-blocking capacitor and a coupled inductor, a
high-output voltage gain can be achieved,; (iii) the voltage spike from
the leakage inductance of the coupled inductor can be recycled to the
capacitor C, so that low-voltage MOSFETSs can be used; (iv) the pro-
posed two-channel LED driver can be extended to a multi-channel
LED driver to satisfy industry requirements.

In terms of the switch mode

Analysis of Failure mechanisms

.Step 1: Based on the empirical data, determine the set of}
, | potential failure mechanisms for each componcﬂl !

|Step 2: Ensure the

Failure probability model for single component

| \tep 4 I)tscrenuno; ;I'_I'_ol?|
! : ! model parameters

LED driver [10] [40], a two-
channel non-isolated LED
driver is regarded as an ex-
ample for this study, whose
topology is shown in Fig. 2.

;Stgp 5: Monte Carlo simulation tol
 lifetime distribution curve i

| model according to the pn.\ ious studies and experiment

|‘ilep 3: Find the sensitive parameters that are the major factor |
|Ui dl._l,r&dallol'l with electrical bln'::.b high temperature and other |

TIF = L2etde oy !

T

| ‘i tep 6: Analyze the uprmllun i
| process of the circuit, and divide the | I
I | circuit into different phases

It contains two MOSFETs O
and O,, a coupled inductor
composed of a primary wind-
ing N and a secondary wind-
ing N,, two energy-electro-

O lytic capacitors C; and C,,

Reliability model for circuit system

two output diodes D; and D, ,

: Failure probability mnd:l for Sllli.lf component !
| wiz)=(l=p )+

|-‘alep 7: Establish the model
' direction of current and the structure of circuit system

T T -
%] it Time

twooutputcapacitors C; and Cy ,
and two LED strings LS; and
LS, . Moreover, the coupled
inductor can be modelled as an
ideal transformer with a prima-
ry winding N} and a secondary
winding N, connected in series

of LED driver for each phase according to rhe,

Fig. 2. The structure of the two-channel LED driver

with a leakage inductor Ly, , a

magnetizing inductor L,, con-

nected in parallel with N, and

a leakage inductor Ly . In ad-
dition, the current flows and the anode and cath-
ode labels are shown in Fig. 2 [3].

3.2.2. PoF models

For different types of LED drivers, the topol-
ogy of the circuit and component constitution
are disparate, and the functional components
are associated with different failure modes and
mechanisms [38]. Previous reports [8] [14] [15]
have discussed the failure mechanisms of am-

plifiers, diodes, resistors and
capacitors in linear mode LED
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Table 1. Mechanism models and parameter description

Component Mechamsn;iigd formula- Parameter description Distribution Feature parameter Othe;"tsfsram-
) . i o -5 B
MOSFET E;r;;el;gg‘;/)vindent dielectric A,E,k,T are the coefficient, activation A:N(u,0) A1 p=6.98x10 E,=13eV
QI/QZ [15] energy, Boltzmann’ s constant and absolute T:N(uo) O= 42x107 k=8.62x10°
E, temperature, respectively; ' represents ' ’
32][40 m oo ’ ’ T:u=328,0 =20
[32]i40] TTF = (AeV e KT ! voltage and m is a constant; m =2.9 [40] V:U(a,b) H [24]
V: u=0.6mV [24]
Coupled ) ) RH : n=0.6 [5] E,=0.771eV
inductor Corrosion A is the constant related to the corrosion RH :U(a,b)
. area; RH is the relative humidity; n is ’ A p=1.785x 1075 n=3
Ly + N/ £ | the empirical constant; E, is the activation A:N(u,0) 6 k=8.62x10°
(L2 + N2) TTF = (A(RH) " ekT')” energy (eV); k is the Boltzmann constant T:N(u,0) o =1x10
[11[5] (J/K); T is the absolute temperature (K) T: u=328,6=20 [30]
i i A: p=8.4063x10° | E,=1.2¢V
) Arrhenius degeneration A is the coefficient; & is the Boltzmann A:N(u,0) K 5 ¢ 5
Diode [40] f—; 1 constant (J/K); E, is the activation energy T:N(u,0) o=8x10 k=8.62x10
TTE = (4e) V) T u=328,6=20
[30]
Decrease of
ESRy is the initial ESR; C describes t - - -5
C - the effective surface area T 1S Hhenita ) escribes emPer C:u=3.46x10
apacitor Ct ature-dependent degradation rates; CO is =2 x 10-6
G, /Gy 130] ESR(t)=ESR; - e the base degradation rate; £, and k are the E,=0.7¢eV
C(t)=C, .o Eal(kT) activation energies and Boltzmann constant; | C:N(u,0) | T': u=328,6=20 [30] k=8.62x10°
d Acap,d,w are the surface area of the elec- T:N(u,0) '
ESRp =——— trolytic capacitor, average distance, and C: u=3.46x 107 [30]
Capacitor cap " @ conductivity [40]. P
C3/C4 [31] 0=2.8%x10
T : u=328,0=20

drivers. The reliability of a switch mode LED driver was analyzed in
[30], and detailed degradation mechanisms for electrolytic capacitors,
MOSFETs, inductors, diodes and sampling resistors were given.

The degradation process of a two-channel LED driver is extremely
complicated and is usually caused by the gradual deterioration of com-
ponents over a long period of time due to electrical stress, temperature
effects, material characteristics and other circumstances. Generally,
the degradation of various components can be related to specific per-
formance parameters, and the various mechanisms can have competi-
tive relations. Hence, according to previous research [5] [13] [20] [24]
[30] [31], we focus attention on the greatest effect of each component,
and the mechanism models are shown in Table 1.

The failure probability of Diode

The failure probability of Diode

To obtain the parameters of the mechanism models, the least square
method is applied to fit the experimental data under various condi-
tions. Table 1 proposes the mean values and the standard deviations,
and the details of experimental data analysis, test procedures, and the
fitting analysis are referred to [21].

Taking the diode as an example, we first sample the parameter
based on the distribution, and the TTF data of the component can
be obtained according to the number of samples. Then, we organize
all the TTF data from small to large and divide the data into several
groups utilizing an appropriate class. By calculating the frequency of
each group, the cumulative probability can be obtained, and finally,
the fitted curve between the TTF and failure probability is achieved.

In Fig. 3 (a), the x-axis represents
time, and the y-axis represents
the failure probability, namely,

Az

The failure probability
o o o
s (+:] 5]

o
5]

’

PP Lttty 1t

4= 8.4463 %10 .

a=8x10"7 '

.
.
aas® ) L L

the unreliability of the compo-

L
Lo

A: p=8.4063 x10°*
* .

a=8x10"7 \.‘ ,
A: p=8.3863x10°" " .

a=8x10"

o o e
S @ =)

The failure probability

o
(X

L L

JenaII .
4 e
.

A: p=8.4263x10°
a=8x10"

: p=8.4463 10
a=8x107

nent diode. The relationship
between time and failure prob-
ability of the diode is shown
in Fig. 3 (a). Moreover, as the
various parameters of distribu-
tions change, the life curve can
be different, as shown in Fig. 3
(b).

As shown in Fig. 3, the failure
probability curve of the diode is

proposed using the simulation

Fig. 3. The failure probability of diode: (a) failure probability curve, (b) the failure probability curve with various parameters ‘A’

1.15 116 1.17 1.18 119 1.20 1.21 122123 1.24 1.25

Time(Hrs)
(a)

S R TR T

x 10*
(b)

1.
Time(Hrs)

2 1.22 1.24

x 10"

method. As time goes on, the
failure probability gradually in-
creases and tends toward 1. Uti-
lizing a temperature parameter
that obeys the normal distribu-
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The failure probability of Couple Inductor

The failure probability of Capacitor

1 T T T
0.9l 1k -'..,...:o;vcth.cc-....
Z o8 z
= = 08 X
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S 06t ) .
a g 06¢ .
o 03f o N
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= = ..
F 02; F 02t ..
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0 L . .':'. M i 5 . . N L "
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(a) . - (b)
The failure probability of MOSFET
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Time(Hrs) x 10
(©)

Fig. 4. The failure probability of other components: (a) the failure probability of the inductor; (b) the failure probability of
the capacitor; (c) the failure probability of the MOSFET

tion, the statistical life fitting curve can be regarded as a comprehen-
sive/general result for the components considering all the prevailing
situations. Hence, the probability data at any time can be obtained
based on the curve and regarded as an input prior probability to the
integrated model in the next section. To simplify the analysis pro-
cedure, we assume that coupled inductors (L, +N1' )/(L,k2 +Nj),
C) and C,, G5 and C4, Q) and Q, are the same as each other. The
failure probability is shown in Fig. 4.

3.3. Reliability prediction for the two-channel LED driver

3.3.1. Modelling rules for LED driver circuit

The failure probability of the components and their corresponding
lifetime curves are mentioned above. To bridge the gap between the
component level and circuit system level, modelling rules and proce-
dures are proposed [11] [27]:

(i) Define the circuit system. In this step, the scope of the system
and reliability index are defined. Furthermore, its function and
topology, including the components, are determined.

(i) Determine the boundary conditions. The input, output and in-
terface of the system are defined. Certain inductance and ener-
gy storage components can also be the input signals when they
are at high potential.

(iii) Establish success criteria. Clearly define the success state and
the output being focused on.

(iv) Analyze the circle process. Dismantle the operational process
of the circuit based on the direction of the current.

3.3.2. Operation process of the two-channel LED driver

According to the topology structure, the operation process of the
LED driver can be divided into six phases [3] [27], which are shown
in Fig. 5. Switches Oy and @, are turned on at different times, and
their capacities are discharged or charged according to the electric po-
tential. In addition, components in red represent the “OFF” state, and
the “OFF” components will not deteriorate during the phase.

Model (a)-phase 1: As shown in Fig. 2 and Fig. 5 (a), O, is turned
ON, and Q, is OFF. During this state, the voltage is imposed on L,,, .
Meanwhile, C; is discharged, so ic; or iy is increasing in the op-
posite direction. Moreover, D; is reverse biased, but D, is forward
biased. Hence, the LED string L, is supplied by Cj, whereas the
LED string Lg, is supplied by i in the opposite direction. This state
ends when @ is turned OFF [3].

Model (b)-phase 2: as shown in Fig. 2 and Fig. 5 (b), the switch
O, switches from ON to OFF, and the switch O, still remains OFF.
During this state, the voltage V;,-V-, , which is a negative voltage, is
imposed on Ly, and L,, . During this blanking time, the body diode
of switch Q, is forward biased. Because of the short time of model
(b)-phase 2, we hypothesize that the body diode of switch O, will
have the same degeneration as switch O, . Moreover, D; is forward
biased, but D, is reverse biased. Hence, the LED string Lg; is sup-
plied by iy, , whereas the LED string Lg, is supplied by C4. This
state ends when @, is turned ON.

Model (c)-phase 3: before state 3 begins, the body diode of the
switch @, conducts. Thus, @, is turned ON with zero-voltage
switching, as shown in Fig. 2 and Fig. 5 (c), but Q; still remains
turned OFF. In addition, the behavior of the two LED strings is the
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Fig. 5. The operational model of the circuit with various phases

same as that in state 2. Once iy, is equal to

Success state probability of

i1 »> Igsn reaches zero, and this state ends. X, components

Model (d)-phase 4: as shown in Fig. 2 and Ve Lus/N: p—_— Vi-po Le/N:=- p:
Fig. 5 (d), the switch O is still OFF, and the 5 T = 8 Le-p  Di-p
switch @5 is still ON. During this state, the ca- = J @2 Ci==p La/N' - p
pacitor C, is discharged, and the current ic, N J i oz G P La-—-p
begins to increase in the opposite direction. In "2, p o La/NY topui3 G, Ls Q== p Qe pu
addition, the behavior of the two LED strings Xy X EJ p G- pu

V= P

is the same as that in model (b). This state ends
when iy, drops to zero.

Model (e)-phase 5: as shown in Fig. 2 and
Fig. 5 (e), the switch Q; is still OFF, and the
switch O, is still ON. The direction of the current is opposite model
(d)-phase 4. In addition, the behavior of the two LED strings is the
same as that in model (b). This state ends when Q, is turned OFF.

Model (f)-phase 6: as shown in Fig. 2 and Fig. 5 (f), switch @, is
still OFF, and switch O, turns OFF. The direction of the current is the
same as model (d)-phase 4. This state ends when O is turned ON,
and the next cycle is repeated.

Additionally, with the time-varying of current, the oscillations of
electrical waveforms will create oscillations on the components, espe-
cially for the coupled inductors. Nonetheless, the problem oscillation
is not the focus of our research, and thus, the effects on reliability are
ignored in this study. This will be discussed in our future study.

3.3.3. System reliability evaluation utilizing UGF

We take model (a) as an example: the power supply V;, and cou-
pled inductor ( Ly, and N,) are linked as a cascade architecture,
denoted by X ; strings Ly, , dipde D, , capacitor C; and coupled
inductor ( L1 and equivalent N ) are also linked as a cascade archi-
tecture, denoted by X, . Then, X, is linked with coupled inductor
Ly» /N, and MOSFET @ (denoted by X,). Capacitor Cj is in
series with strings Ly (denoted by X3 ), as shown in Fig. 6.

Fig. 6. The equivalent circuit of model (a)-phase 1

We assume that all the components are binary, and a logic gate of
k-out-of-N is used to describe the output of the system. The structure
function of the circuit can be described as follows:

X:¢(Vin7[‘lk2/N27Ls27D2’C17lel/N1I7C3’levQ1)
= k/ N {(min(max(V, - Lo /Ny - Lo Dy -Gy - Lyt | V) - OD(Cs - L)} (8)
=/ N{min((max (X}, X,)- ), X}

Uy, (2)= [(1 -p2’+ 1712]}[(1 -p)?° +P221J

: . ©)
=p1az +(-py)z

Uy, (2)=pyez + (- p3g)z’ (10)

Ux, (2) = prpsz' + (1= pypg)2° an

1 0
Ux,(2)=(p1-apo + Pr-6P9 = P1-6P9)7 + (= P1-2Po = Pa-6P9 + P1-6P9)z (12)
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Uy (2)=Uy,(z) ® Uy, (2)
5 4 3
=(P12P7-9+ Pao = P1-9)2 + (1= pi_apr 9= Prg+ Do)’

where p) — pi3 represent the probability of components in the suc-
cess state, as listed in Fig. 6. The reliability of the circuit system mod-
el (a)-phase 1 in Fig. 5 can be expressed as:

R=Uy, (1) (14)

Other phases in Fig. 5 can be calculated using the same process
above. Focusing on analyzing the impact of component failure on the
LED driver, some assumptions are made to make the analysis clear
and easy. As the input of the LED driver, ¥, has a minimal fail-
ure probability, and it can be neglected. Likewise, Ly and Ly, , the
light-emitting units that are the output of the system, are also ignored,
namely, p; = p3 = pg =1. In addition, according to the failure logic
of the system, the system is working properly only if all phases are in
the normal state. Therefore, the various phases are regarded as a se-
ries-mode frame to evaluate the reliability of the system in this study.

According to the approach above, the reliability prediction curve
for the two-channel LED driver is displayed in Fig. 7 (a). The simula-
tion results clearly show that the reliability of the circuit gradually de-
grades as a function of time due to the ageing process. It also appears
that the failure rate increases sharply before 18000 h and then begins
to flatten gradually in Fig. 7 (b).

4. Experiments and Validation

To validate the proposed method, an experiment was designed to
predict the reliability of the LED driver. The proposed type of LED
drivers was selected, and 60 samples were made by Everlight Elec-

The reliability of circuit system

24
x10*

19 2 21 22 23

Time(Hrs)

The failure probability density of

tronics, Ltd., which were used for testing. The real product is shown
in Fig. 8 (a). In Fig. 8 (a), the two electrolytic capacitors are the com-
ponents C; and C,. The output capacitors C; and C, are parallel
with light emitting diodes and thus external to the board. Owing to
the necessity of the diodes to glow normally, as shown in Fig. 2, the
output capacitors Cy and C, should be considered in the system reli-
ability model.

According to the sample, if the nominal constant current flowing
through the LED is 350 mA, the corresponding nominal forward volt-
age is approximately 3.5 V. The loads of the proposed drivers were
kept constant by using five 3-W white LEDs for each string. In ad-
dition, the variations in the LED forward voltage are +10% of the
nominal value, and the output power directly reflects the degradation
of the LED driver, which can be conveniently measured. The main
specifications of the LED driver are shown in Table 2.

Fig. 8 (b) shows the experimental setup. A local oven was used to
contain the LED driver and to provide local ambient temperature con-
trol. The input voltage is controlled by the programmable power source,
and the output voltage can be measured periodically by the voltage me-
ter, thus, the state of the LED driver can be obtained. This procedure
was repeated until all of the samples were in the failure state.

During the validation test, a total of 60 samples were aged indi-
vidually at an ambient temperature of 328 K. With a constant input
voltage, the working hours of each sample were recorded by the ac-
celeration test until the LED driver was in a state of failure. Based on
empirical data, the failure criterion is defined as within 10% of the
rated current increase of the LED channel [30].

Fig. 9 shows the predicted reliability of the LED driver versus the
experimental results. Due to the time limit and lab constraints, the
samples are not sufficient for extensive experiments, and groups of
various ambient temperatures were not considered in the experiment.
Nevertheless, the prediction results are in good agreement with the
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457
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Fig. 7. Reliability prediction curve of circuit system: (a) reliability curve of system,; (b) the failure probability density of

system.
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Fig. 8. (a) The layout of the specified LED driver; (b) experimental setup diagram.
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Table 2. System specifications of the LED driver

System parameters Specifications

Input voltage 12V £10%

3.5V x5=17.5V £10%

Nominal LED channel voltage

Nominal LED channel current 350 mA

100 kHz

Switching frequency

test results. The maximum error between the test and simulation is
less than 10%.

The simulation data/experimental data

0.9
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0.1

——The simulation data

* The experimental data

The reliability of circuit system
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Fig. 9. Predicted reliability versus experimental data.

5. Discussions

5.1. Relevant analysis

One of the most important assumptions in modelling is that the
components remain independent in the operation condition. Fig. 10
shows the reliability simulation results of the circuit system. The red
line describes the degradation curve without considering the relation
among the components, and the blue line displays the degradation
curve with the dependence included. The results show that the reli-
ability without considering the dependence on degrades more signifi-

The comparison between dependent and independent
1c

o
w©

o
o

o
@
T

The reliability of circuit system
(=]
wn

041 ® The reliability of circuit system with
independent components
0.3}
The reliability of circuit system with
[ ] . . .
0.2t shutdown dependence into consideration
0.1
1.65 1.7 1.75 1.8 1.85 1.9

Time(Hrs) x 10"

Fig. 10. Comparisons of degradation between the independent and dependent
components.

cantly. When the time is approximately 19500 h, the reliability that
considers the relation is 0.2459, which is nearly double the value of
the scenario that does not. As shown in Fig. 10, the assessment of the
circuit system reliability could be more accurate with the dynamic
relation between components.

5.2. Structure importance analysis of components

Fig. 11 displays the structure importance of various components.
The attribute of each component to the output of the circuit system can
be described quantitatively. Fig. 11 clearly shows that the higher the
attribute of a component is, the greater the importance for the output
of the circuit system. In Fig. 11, p; (C3), py (Q)), and pp (C4
) are vital components according to the entire circuit system. These
components are the key objects in the structure of the circuit system.

Structure importance

1
0.99
0.98
0.97
0.96
0.95
0.94
0.83
0.92
0.91

0.9
p4 p5 p7 p9 pi0  p11 pi2

p2 pé p13

Components in LED driver

Fig. 11. The structure importance of various components

5.3. Sensitivity analysis of components

A sensitivity analysis of various components is proposed in this
section. As shown in Fig. 12, P12 (C,) is the most sensitive among
the vital components mentioned above. This means that a slight im-
provement acting on the component can result in a vital effect being
obtained on the LED driver. Although P7 (C3)and pg ( Q) are vital
components in the analysis of structural importance, the two compo-
nents work in the first phase of the operation process. Compared with
P12 (), the improvement of the system reliability is nearly the same,
as shown in Fig. 12.

The sensitivity of components C4, C3 and Q1
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F 03
®
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Fig. 12. Sensitivity analysis of components.
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5.4. Sensitivity analysis of temperature

Fig. 13 shows the reliability sensitivity of the system to the tem-
perature of components within a given ambient temperature. Owing
to the time-varying thermal fields, the temperature of the components
is unknown and uncertain. The system reliability is simulated in this
study under various component temperatures (308 K, 328 K and 348
K). As shown in Fig. 13, the simulation of system reliability under 328
K is proposed, and the data with 308 K and 348 K are proposed in Fig.
13. Based on the various temperatures of the components, the failure
probabilities of the system are 0.942 (348 K), 0.868 (328 K) and 0.753
(308 K) at 19500 h.

Simulation data with various temperature

0.9
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0.7
0.6
0.5
0.4
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0.2
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—— The simulation data(328K)
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Fig. 13. Sensitivity of temperature for components

6. Conclusion

This paper proposed a graphical modelled aggregation approach to
estimate the reliability and predict the lifetime of two-channel LED
drivers. With the basis of the PoF of all the components in the circuit
system, the simulation curves of the lifetimes for components could
be obtained. Bridging the gap between the component level and circuit
system level, the circuit was mapped into a reliability model accord-
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