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Abstract—This paper presents a methodology for integrating
reliability considerations into the performance analysiscarried
out during the design of fault-tolerant power converters. The

methodology relies on using a state-space representationf o
the power converter, based on averaging, similar to the ones

used when analyzing linear time-invariant systems, and assnes
an unknown-but-bounded uncertainty model for the converte
uncontrolled inputs, such as load or variations in input votage.
The converter must be designed such that, for any uncontrodid
input, the state variables remain within a region of the stae
space defined by performance requirements, e.g., output valge
tolerance or switch ratings. In the presence of component fats,
and depending on the uncontrolled inputs, the converter mayor
may not meet performance requirements. Given the uncertain
nature of these uncontrolled inputs, and for each particula fault,
we introduce an analytical method to compute the probabiliy
that the performance requirements are met, which will definethe
reliability of the converter for each particular fault. By i ncluding
these probabilities in a Markov reliability model, it is possible
to obtain the overall converter reliability. The application of the
methodology is illustrated with a case study of a fault-toleant
interleaved buck converter.

|I. INTRODUCTION

Markov models [2]. However, all these techniques can yield
ambiguous or incomplete results as they base the analysis on
a qualitative description of system functionality, thusyirey

on expert judgment and previous experience to understand th
impact of component failures on the system functionalitye T
use of these techniques in power electronics has been widely
reported; some examples include reliability block diagsgam
[3], failure modes and effects analysis (FMEA) [4], faultds

[5], and Markov models [6].

In this paper, we introduce a methodology to analyze the
behavior of fault-tolerant power electronics systems ie th
presence of component faults. Rather than using a queditati
description of system functionality, this methodology sise
state-space representation of dynamics based on avemaying
linearization. Although power electronics systems arelinen
ear, averaged models are generally used to design cornfthas.
issues and limitations of averaged models are well estedlis

The methodology takes into account the uncertainty asso-
ciated with the converter uncontrolled inputs such as load
input voltage variations. Although these variations can be
described in several ways, our model assumes that the values

The safety and mission-critical nature of embedded systeghe uncontrolled inputs can take are completely unknowh, bu

used in aircraft, space, tactical, and automotive appdinat

the peak values are bounded by some known quantity. This

mandates that the design functions be performed even in fhaticular way of modeling input uncertainty in an LTI syste
presence of component faults. These systems are commasglknown asunknown but bounded [7], and it is a reasonable

referred to as fault-tolerant systems [1]. In this regaetiable

model for describing the uncertainty in the values of cotarer

electric power generation and distribution systems aret&eyload and voltage input. Then, by using techniques developed
ensure that these safety and mission-critical systemsinmemia the context of reachability analysis of LTI systems, the

operational at all times. This is usually achieved by intraincertainty in the uncontrolled inputs is propagated to the
ducing component and subsystem redundancy and approprigieverter state variables, which also become uncertain. In

strategies for managing this redundancy.

a non-faulty condition, and given the converter is properly

Design of effective and reliable fault-tolerant power eleaesigned, the converter state variables must remain wathén
tronics requires thorough and comprehensive analysis to igion of state space defined by the requirements of the specific
plement the appropriate level of component and subsystapplication, e.g., output voltage tolerance or maximunnemntr
redundancy; to understand and quantify the potential &ffethrough the switches. In the presence of a component fault,
of component faults in the overall system performance; andthe uncertainty in the uncontrolled variables will proptega

design appropriate fault detection, isolation, and recomé-
tion (FDIR) mechanisms for redundancy management.

differently to the converter state variables, which migdguit
in the state variables being outside the region of the spatees

There are well-developed techniques to support the rélialdefined by the performance requirements. In this context, an
ity evaluation of conventional systems such as reliabiligck  for each fault, we analytically compute the probabilitytttiee
diagrams, fault trees, failure modes and effect analysid, aconverter will meet the performance requirements, whiah ca



be interpreted as the reliability of the converter for aigatar and B, are constant and functions of the physical parameters,
fault. The overall converter reliability is then calculdtey nominal states and nominal duty ratios [10].
including those probabilities into the formulation of a Mav As stated in Section |, we assume the uncertainty in the un-
reliability model. controlled inputw is described using an unknown-but-bounded
In the context of power electronics, some work using quamodel, i.e., the values takes are completely unknown, but
titative models of system behavior has been done to determihe peak values are bounded by some known quantity. In
the effects of variations in component parameters on syst@@rticular, by assuming the inputs are bounded by elligsdid
performance, and thus on reliability [8], [9]. The work in [9is possible to obtain ellipsoidal approximations boundimeg
is based on Monte Carlo analysis, which is computationalbget of reachable states. This has been the subject of esensi
intensive. In this regard, if the converter performancel(@mus research [7], [11], [12]. The values the uncontrolled ingut
its reliability) is to be evaluated for every possible compnt can take will be constrained to some ellipséig, described
fault p, and every possible value of the uncontrolled inputsy
obtained by quantizing the uncontrolled input space, and
denoted byu; x us X -+ x ug, wherek is the number of
uncontrolled inputs, the number of time-domain simulagitm where( is a positive definite matrix.

be conducted ipx i1 X p12 - - X ju. This is necessary to map - pepending on the application, the converter must meet
out the set of reachable states for each possible fault. #vith predefined performance requirements, e..g, the outpuigelt

proposed method(_)logy, since the set of reachqble states IS fj;st pe within a certain range of the nominal output voltage,
mapped through simulation, but through analytical teche] . e cyrrent through the switches must not exceed certain
it is only necessary to condugt simulations to evaluate jinis at all times. These requirements will constrain the

the overall converter performance. Furthermore, mappifig Qate trajectories to some predefined region of the statespa
th_e set of r_eachable states und_er all possible fault ca_nmﬂ;m denoted byd. To meet these requirements in the presence of
with analytically tractable solutions enables the formiol |, artain variation in the uncontrolled inpit, a feedback

of a tractable model for optimizing dynamic performance ang, ol of the formd — K# whereK is a constant matrix, is
system reliability jointly. The method proposed in [8], leal implemented. Thus, the closed-loop dynamics result in
the first-order reliability method (FORM) uses a constrédine

gradient-based optimization method, where time-domain si dz — A + Byi 3)
ulations are also used to check system performance. With dt ¢ ’

respect to Monte Carlo analysis, this method substantialyhere 4, — A + B.K, andw € Q5 = {0 9Q'w < 11},

decreases the number of time-domain simulations needéd, bul'he values the state variabléscan take will be contained

this number is still much larger that the number of componeff some seR. The exact exact shape #&f is usually not easy
faults p, which is the number of simulations required in the, compute. However, it is possible to compute a bounding

b€ Ny = {0 wQ 'w < 1}, 2)

method proposed in this paper. _ ellipsoid, denoted by2;, such thatR C Q;, and defined by
The structure of this paper is as follows. Section Il present
the mathematical formulation of the methodology, includin Q: ={3: 7V '3 <1}, 4)

how to assess the converter performance in the presence of be obtained b i
faults; how to compute fault survival probabilities; andaho WNerew can be obtained by solving
to include these probabilities in the formulation of a Marko , 1 ,

reliability model. Section 11l illustrates the applicatiof the AW + VA + U+ 5B4QBy =0, ®)

p
methodology to a fault-tolerant interleaved buck converte . . - -
Concluding remarks are presented in Section IV. with 8 > 0, and ¥ positive definite. The derivation of (5)
can be found in [7]. Sincé); is an outer bound of the set

of reachable states, there can be many different solutions
to (5) for different values of3. Thus, when solving (5),
A. Fault-Free System Dynamics it is necessary to find the particular value gfsuch that

The dynamics of a converter can be described using I content of Q; is minimum, thus ensuring the bound is
averaged model. This averaged model is usually linearined 49Nt There are several software packages that can soise th

can be described using a state-space representation afrthe fProblem, such ag€Vx [13] or Ellipsoidal Toolbox [14].
As stated before, the predefined performance requirements
dz

- 5 - f the particular application will constrain the state éxcpries
=~ = A% + B.d + B, 1) ©° , . ;
dt Sl +Ba @) to some region of the state spa®e Thus, if the converter is

wherez represent the small variations of the converter stat¥!l designed, then the ellipsoid bounding the set of relleha
around the nominal point represents the small variationgd€fined in (4) and (5) must be fully containeddn
of the converter switch duty ratios (controlled inputs)dain 1 _ , , _ _ _ _

h I iations of uncontrolled inputshsas The notion of content in am-dimensional Cartesian space is equivalent
represents the sma : variat u g I pu to the notion of volume in a three-dimensional space, or ¢orthtion of area
converter load and input voltage variations. MatricesB,., in a two-dimensional space [15].

II. MATHEMATICAL FORMULATION



As explained in Section I, by quantizing the uncontrolle®. Markov Reliability Model
input space defined by (2) and simulating the system respons
for each value of the quantized input space, it is possibleﬁ

map out the set of reachable stafehounded by the ellipsoid the fault coverage for each sequence of component faults, as

defined ir_‘ (4) and (5). _However, this method is _muc_h MOFell as the probability distributions of the time to occurce
computationally expensive than the method used in this PaPS cach fault 2]

fh order to obtain the overall converter reliability, it is
%cessary to formulate a Markov reliability modeling irdihg

B. System Dynamics After a First Fault Let us consider that, at any time > 0, the converter

After a fault in one of the converter components occur, orfé!'vived a sequence &f-1 faults, denoted byj, k — 1], with
or both matricesA., B, in (3) might be altered, resulting in a@ Probability denoted by,; 1.1 (?). Let an additional fault
new pairA,, B.. Examples of faults are a switch failing operPccur, leading to the sequences of faiits:]. Let pai—1 x(t)
or short-circuit, a capacitor failing open circuit, or a sen b€ the probability that, at any time> 0, the system survived
failing to send measurements to the controller. The smalie [, k] sequence of faults. Let; . () denote the probability

signal state-space representation after the fault is defige that, at any timef > 0, _tr]:e system did not survive the, k|
&3 sequence of faults. Let’; | denote the fault coverage after

— = A% + Byw, (6) thek fault occurrence, that leads from the sequeljce — 1]
to the sequencei, k]. Then the stochastic behavior of the

whered € Q= {@ : WQ™'w < 1}. All possible values the converter after théi, k] sequence of faults is defined by
state variables can take will be contained in some7seAs

before, a bounding ellipsoifl; = {#: #U~1F < 1} such D2i—1,k
thatR C Q; can be defined, wheng is obtained by solving % =
noa A n “n 1 - . P2ik
AW+ WAL + BV + —ByQB, =0, 7 i i m
o s 120 ) GhotNio 2 AT P o
Lo A . - ) . Ni
with 5 > 0 and ¥ positive definite. (1- C;-’,]Zfl))\;ﬁq 0 Poi-1k

C. Fault Coverage (or Probability of Surviving a Fault) -

Under a fault condition, it becomes necessary to assd¥diereAj; . is the rate at which the last fault occurs in the
whether the converter is still able to meet its performanégquencei, k], A7;*! is the rate at which a particular fault
requirements for all possible values of the uncontrollgzuiin Will occur next, andNy, is the number of possible faults that
W, i.e, the extent to which the new bounding ellipséld is can occur after the last fault in the sequeficé].
contained in the regio® defined by the performance require- Each sequence of faults will generate a block similar to the
ments. This will define a probability measure of the reli@pil one in (9). By assembling all these blocks, it is possible to
of the converter for a particular fault. This probability asare obtain the state-transition matrix associated with the system
is commonly referred to as fault coverage [16], and it can Béarkov reliability model. LetP(t) be the fault sequences’
interpreted as the conditional probability that, givenatthas probability vector, which can be obtained by assembling
occurred altering the converter dynamics, the convertstills the individual fault sequence probabilities. Then the eyst

able to meet its performance requirements Markov reliability model can be expressed in matrix form by
As stated before, the time structure of the inpitis
i - P — AP(t)
completely unknown except for its peak value, which results at
in the state variables being also completely unknown, except P0)=1[100..0]. (10)

for the bound defined by the ellipsofd;. Thus, it is realistic
to assume that is uniformly distributed ovef);.

Let 7; be a random variable representing the time to fault!!-
occurrencei. Let X be a random variable representing the
values the converter statésan take after the fault occurrence. |n this section, we will show how to apply the proposed

Then, under the state uniform distribution assumption,fand methodo|ogy in the design of a fault-tolerant convertere Th
a particular fault, its fault coverage, denoted byis obtained goal is to design a buck converter for VRM applications that
by computing will withstand any first component fault. For a switching-fre
cont(Qi N o) quency of 250kHZ, a range of load specified!b){ad—lm| g
“on(@:) (8) 1, wherel,, = 20A, an input voltage variation specified
® by |vin — Vin| < 0.2V}, whereV;,, = 5V, the converter
where confQ2; N ®) and cont(2;) are the contents dk; N® design must satisfy an output voltage tolerance specified by
and(; respectively. [Vout — Vout| < 0.025V,,¢, whereV,,; = 1.2V. Additionally,
The result presented in (8) can be generalized to the caséha switch ratings will impose a requirement on the maximum
which the converter has survived a sequencé ef 1 faults, value of the currents; andis, denoted byl{*** and [7***.
and then an additional faukt occurs [17]. The switch rating is defined as 105% of the maximum load.

FAULT-TOLERANT INTERLEAVED BUuCK CONVERTER
CASE-STUDY

Ci:PT‘{XE(I)|Ti<t}:
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with Dy, and Dy the nominal values of the duty ratios of
switches SW and SW respectively;V;,, the nominal value
of the input voltagev;,; and iy, is, Jout, Vin, tout, d1 and da,
the small time-varying components 4f, is, Vout, Vin, tout, d1
andd, respectively.

Fig. 1. Dual-redundant buck converter The design requirements constrain the values, of, and
Uout 10 @ region of the state-spadedefined by

(b) Small-signal equivalent circuit.

D = [—Ipm, IT*] X [=Im, IT%%] X [=0.025Vout, +0.025Voue],(13)

A. Dual-Redundant Architecture whereVo,; = 1.2V, and I7"*" = ;""" = 1.11,,, = 22A, for a
switch rating of 50%, and{*** = I7"%* = 2.11,,, = 42A for
a switch rating of 100%.

It is clear that by using a single buck converter, the single

fault-tolerant requirement will not be met. Thus, let usrtsta DUAL.REDUNDANTTQEEEEIRTER PARAMETERS
with two buck converters arranged in parallel, Fig. 1(a)hwi

full-state feedback of the fornid;,ds] = Kli1,i2, Vout] fL[J]Q] ggofoﬂ
wherekK is a 2-by-3 constant matrix antl andd, are the duty CTA 102

ratios of switches SWand SW. The current measurement k11 = ko1 [A_ ] —200

devices denoted by;Sand S, are just abstractions of possible kiz = kop [AT']  —200

ki3 = koz [V 1] —145-10°
D1 = Do 0.24

current measurement techniques used in dc-dc conversipn [1
Although one voltage sensor would be enough to capture the

output voltagev,.;, @ second sensor is necessary to fulfill the Then, by choosing the parameters displayed in Table |
single fault-tolerance requirement. The controller wikeuthe th des’i n will meet the outout voltage requirement: and,
average of both measurements. In case the controller detebc? g X outp ‘ag d Y
. . o ) y choosing a switch rating 50% higher, the requirement
the failure of one sensor (omission), then it will reconfegur ; ; :
AR on the maximum current flowing through each branch will
and use only the other sensor. It is important to note tha]t . : o
. . L . also be met. This can be shown by computing the ellipsoid
this strategy will work for an omission failure mode as the ~

are relatively easy to detect and isolate. If other sensturéa hat k_Jouno_Is the ;et of reachable statelsﬂ{ 2, Tout), as
: explained in Section II-A. Thus, by following the notation
modes are to be considered, e.g., the sensor gets stuck at s¢ p . .
. ; 2 of (4) and (5), forg = 1.3 - 10°, the entries of the matrix
value, then detecting which sensor of the two is failed b-m\Ij defining the bounding ellipsoid aray] 305 . 102
a difficult task. A possible solution to this problem would b(-&]h] 9 g efip L1 X '
r

— — —1 _ —4
to include a third sensor and then use voting strategies $l12 = [Pla1 = —5.38- 107, and Y]z = 7.60 x 107
. . . . . . is ellipsoid is displayed in Fig. 2, where it can be seei tha
failure detection and isolation as is common in aerospa@g [1 . : ; e
: . o . - the region defined by the requirements fully contains it.
This would increase the converter reliability by incregsin

the coverage to sensor faults, but it would also add morel‘(at us tur];n our attenttlofn tﬁ th(_erhconverter behtaworblp t?et
components and increase the cost. presence of component faults. e components subject to

failure are the inductors, capacitors, switches, dioded an
By using common average modeling and linearization tecteltage and current measurement devices. Informationtabou

nigues, and following the notation used in (2) and (3), theomponents failure modes, associated failure rates and the

small-signal model of this converter, Fig. 1(b), results in  effect on the overall systems dynamics is collected in Téble



TABLE II
COMPONENT FAILURE MODES EXAMPLE FAILURE RATES[20], [21], AND THEIR EFFECT ON THE OVERALL SYSTEM DYNAMICS

Component  Failure mode  Failure rate (/h) Effect on system dynamics
L1(2) Open circuit AL =2- 109 [Ac}l(Q),l = [Ac]1(2)72 = [Ac]1(2)73 =0,
C1(2) Open circuit A\c =8.7-10"3% [Ac}S,l = [Ac}g,z =1/C, [Bd}g,z =-1/C
SWi (2 Open circuit  Asw =1.8-1077  [Aclio)1 = —RL/L, [Acli(2).2 = 0, [Acli(2)3 = —1/L, [Bali(2)1 =0
Di(2) Shqrt circuit Ap =1077 [Acli2),1 = —RL/L, [Acli(2),2 = 0, [Acli(2),3 = —1/L, [Bal1(2)1 =0
i1 () Omission As; = 10717 [Acli2),12) = —Rr/L, [Acl2(1),12) =0
S, Omission As, = 10717 nil
TABLE IlI . .
FAULT COVERAGE PARAMETERS FOR DUAEREDUNDANT CONVERTER Th_e converter Is also able to to'_e_rate certain second faults
WITH 50% SWITCH RATING. As displayed in Table IIl, an additional fault in one of the
capacitors after any first fault in one of the inductors, é®d
Fault event Coverage itch t t devi il It inudt f
L,, L2, D1, Ds, SW;, SW, S, o7 S, o1 =0.63 switches, or current measurement devices will result inuét fa
Cor G ¢ = 0.99 coverage ofcs = 0.93, whereas an additional fault in one
{L1, L2, D1, D2, SW, SWs, §;;, or S, F and 3 =0.93 of the inductors, diodes, switches, or current measurement
{C1 or G} devices after a fault in one of the capacitors results in a
{Cy or C;} and cq = 0.63 ) p
{Li, L2, Dy, D2, SWi, SWs, S;;, 0r S, } fault coverage of onlyc; = 0.63. This result may result

counterintuitive as it seems that both fault events are anees

(the same components have failed in both cases). Howewer the
A|though one failure mode per Component has been consfd{€ not, as the faults are not commutative and the sequence in
ered, it is possible to include other failure modes. For gplam Which they occur is relevant. In this regard, once a certaurt f
the current and voltage measurement devices could have off@s occur, only the region of the bounding ellipsoid thaefs |
failure modes, such as output bias, or gain change. within the performance requirements region can originate a

The matrix ¥gy associated with the new bounding eladditional fault, thus affecting the coverage calculation

lipsoid after the switch fault computed using (7) results in
[\IJSWJI,I = 3.90-102, [\Ifsw]l,g = [\I}ASW]Q,I = —5.26-10_1,

and [Ugwlao = 7.61 x 1074, for Bsy = 1.3 - 10°. This L

ellipsoid, together with the region defined by the perforoean [Envelope of all steady—state limit cydles
requirements for a switch rating of 50% is displayed in
Fig. 3(a). It can be seen that the right side of the boundin 12z ]
ellipsoid is out of the allowed region, thus by using (8), anc < |
denoting byc; the coverage for this particular fault, we obtain =, 4 ]
c1 = 0.63. Identical behavior was observed for single faults ir  >°
the filter inductors, diodes and current measurement device 116 |
Figure 3(b) shows the converter behavior after a fault in@ne B
the capacitors. Fopsy = 2.2 - 10°, the eptries of the matrix
associated with the bounding ellipsoid g¥&-]; 1 = 5.40-102, 116— 5 10 15 20 25 30 35 40
[Tclio = —7.30x 1071, and[¥ a0 = 1.05 x 1073, and the i,Al
fault coverage results in, = 0.99. (a) Behavior after a fault in switch SW
1.2 ;
12 ‘*Envelope of all steady-state limit cy#les
' ‘7Enveiope of éll steaay—staté limit cﬁles
————————————————————————————————————————————————————————————————————————— 1‘221 -
1.2% 1 _
2
— 5 1.2- 1
> o
R 1 >
| 11§ 8
118 -
"""""""""""""""""""""""""" | L6575 10 15 20 25 30 35 40
a1 I I I I I I I I i+ [A
11675 5 10 15 20 25 30 35 40 1A
i +o[A] (b) Behavior after capacitor fault.

Fig. 2. Ellipsoid bounding the set of reachable states amdfagity behavior. Fig. 3. Behavior of dual-redundant converter with 50% shvitatings.



TABLE IV
DUAL-REDUNDANT CONVERTERMARKOV RELIABILITY MODEL PROBABILITIES AT THE END OF ITS LIFE-CYCLE (25,000HOURS).

Sate  Description System Satus  Probability

1 The system is fault-free Operational 9.95710~ T

2 A covered faultin I, Lo, D1, D2, SWi, SWs, §;,, S;,, orafaultin §, or S,,  Operational 1.58520~ %

3 A covered fault in @ or C; Operational 4.000°

4 An uncovered fault in k, L2, D1, D2, SWi, SWs, S, or S, Operational 1.30870~ %
or an uncovered fault in Cor C

5 Fault event associated with state 2 followed by a coverall i#a C; or C; Failed 2.988310~ 7

6 Fault event associated with state 2 followed by an uncovéelt in C;, Co Failed 1.932110~ "
or a fault in one of the elements of the remaining non-faileahbh

7 Fault event associated with state 3 followed by a coverail fia Operational 3.18740° 7
SWy, SWe, Ly, Lo, D1, D2, S, S;,, orafaultin §, or Sy,

8 Fault event associated with state 3 followed by an uncovéelt in Failed 4.23490°°
SWi, SWs, RL1, RLg, D1, Dg, S;; or S;, or a fault in the remaining capacitor

9 Fault event associated with state 5 followed by an additidault in Failed 2.14390° 10
any remaining non-faulty component

10 Fault event associated with state 7 followed by an additidault in Failed 2.28580 10

any remaining non-faulty component

TABLE V . . - .
NON-ZERO ENTRIES OF THE STATETRANSITION MATRIX for a capacitor fault is 0.99. However, it is possible to make
A € Mio FOR THE DUAL-REDUNDANT CONVERTERM ARKOV slightly modifications in the design to achieve fault coggra

RELIABILITY MODEL . in all first faults. For example, by increasing the capacitaof

the output filter by 20%, i.e; = 1.2-10~*F, the coverage of

Alin —2Q0sw AL +Ac+Ap +As; +As,) ) . T _

Al21 2c(Qsw + AL+ Ap + Ag,) ¥2Ag, any fault involving a capacitor increases to 1, i®.~ c3 =

ﬁ&l ;f(li)‘c s T T T T2 1. Additionally, by increasing the switch rating to 95%, the
4,1 —c1)(Asw L D S; —2¢2)Ac . . . . .

A2 —Oaw + AL TAc FAp T hs, T35 )= 2he coverage of any fault involving a switch, a diode, an inducto

Als2  2c3)c or a current measuring devices also increases to 1ci.es,

/[t 6,2 2(21(; 63)10; gz\iw I;\L )+ Ac +Ap +As; +2s,) c4 = 1. With this new fault coverage parameters, the converter
3,3 —2(Asw L D S; iahili ; _ 10-1 _ 107

A5 Zaalsw T AL T Ap T As )T 2%s, reliability results ink = 9.999997-107" (Q = 2.5843-107").

Alss 20 —ca)(Asw F AL T Ap + As,) + Ac The improved design not only meets the single fault-toleean

/ft 5.5 ;(/\siv;r /\Jf;r /\f;r /\i;r /\fj\r As,) requirement, but it is three orders of magnitude more ridiab
9,5 SW. L D S, C Su .. .

Alrr —Caw I AL T30+ Vs T Ac T 55 than the original design.

Al10,7 Asw + AL +)‘D+>‘Si+>‘0+)‘5u

C. Triple-Redundant Architecture

If the converter reliability were to be improved further,

The converter overall reliability can be estimated by formdhen a possibility would be to decrease the component &ailur
lating a Markov reliability model as explained in SectiorDll  rates by using higher quality components. Although not al-
Table IV describes the fault events associated with eath st@ays clear, adding more redundancy might increase reitiabil
of the Markov reliability model, as well as the status of th&lowever, including more redundancy for reliability seeros t
system resulting from each fault event, i.e., whether orthet also increase the cost, but it is not clear either that tHescef
system still meets performance requirements after thet faif§ multiplicative. In this regard, if we choose to add a third
event. The state probabilities can be obtained by solviy, (1buck converter in parallel, using the same design paraseter
where the state-transition matrixis obtained by substituting displayed in Table I, with a switch rating of only 50% (as
the fault coverage estimates displayed in Table Ill, andafie Opposed to the 95 % rating switches used in the improved
ure rates displayed in Table Il into the expressions disglaydual-redundant buck converter), it is possible to achieie f
in Table V. For a life cycle of 25,000 hours, the resultingestacoverage to all single faults as displayed in Figs. 4(a) dbjl 4
probabilities are collected in the fourth column of Table IVAS it can be seen, in both cases, the ellipsoids boundingethe s
The overall converter reliability? can be obtained by addingof all steady-state limit cycles are fully contained witfthre

up the probabilities of the Markov model operational statekegion defined by the performance requirements, which means
resulting inR = p1 + p» + p3 + pa + pr = 9.9987 - 10~ that the coverage to both fault is complete. The reliability

(unreliability Q = ps + ps + ps + po + p1o = 1.3122-10~4).  of this triple-redundant architecture 8 = 9.999996 - 1071
] (Q = 6.6121 - 10~7), which is slightly worse but in the
B. Dual-Redundant Converter Improved Design same order of magnitude that the reliability of the dual-
One of the dual-redundant converter design goals wasradundant converter improved design. The triple architect
achieve single fault-tolerance. The design presented did s only 50% oversized (in terms of current rating), whereas
achieve this goal as the coverage of certain first faults ts rthe dual architecture is 100% oversized, which might make
complete, e.g., a fault in a switch or in one of the inductothe cost of the dual architecture higher than the cost of the
is only covered with probability 0.63, whereas the coveradaple architecture. Under these circumstances, it is iptess
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Fig. 4. Behavior of triple-redundant converter with 50% teWwiratings. [10]

to set up an optimization problem which would help t([)
determine which architecture is optimal when the cost fiomct
includes reliability and cost. Furthermore, by introdugthree
measurement devices for current and voltage, and by using
voting strategies and reconfigurable control, it is posstol [13]
detect and isolate other than omission faults.

[12]

[14]
IV. CONCLUDING REMARKS

In this paper, we proposed a methodology for integratir{b‘r’]
reliability considerations into the the design of faullet@nt [16]
power converters. The methodology integrates technigsed u
in the reachability analysis of LTI systems with technique[§7]
used in system reliability analysis. One of the advantades o
the methodology is that system reliability is obtained gsan-
alytically tractable models, which alleviates the comfioteal
burden of other techniques based on simulating the system
behavior for each possible fault event and every possidiél
uncontrolled input. Furthermore, by obtaining analyfical [20]
tractable solutions, it is possible to get a better undedstey
of the influence of design parameters on the overall systé?hl
reliability and performance.

In the fault-tolerant buck converter example, we showed
how to improve the overall reliability of a given topology
by modifying some design parameters. We also showed that
there are certain trade-off between adding more redundancy
reliability purposes and the associated cost, but we shtwadd

(18]

component rating can play an important role in these trade-
off studies. In further work, we will use this methodology in

the formulation of an optimization problem for fault-todert
power converters design, that will address these trade-off
issues between reliability, cost, and other metrics ofrege
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