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ABSTRACT

This paper presents a novel prognostic method that allows a proper characterization of
the uncertainty associated with the evolution in time of nonlinear dynamical systems. The
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method assumes a state-space representation of the system, as well as the availability of
particle-filtering-based estimates of the state posterior density at the moment in which
the prognostic algorithm is executed. Our proposal significantly improves all particle-fil-
tering-based prognosis frameworks currently available in two main aspects. First, it pro-
Keywords: vides a correction for the expression that is used for the computation of the Time-of-
Prognostics and health management Failure (ToF) probability mass function in the context of online monitoring schemes.
g:rc;crlt:lgltti:sharaaenza“o“ Second}y, it presents a mthod for improved ch.aracteri.zation qf the tails of the ToF
Battery State-of-Charge probability mass function via sequential propagation of sigma-points and the computa-

tion of Gaussian Mixture Models (GMMs). The proposed algorithm is tested and validated
using experimental data related to the problem of Lithium-lon battery State-of-Charge
prognosis.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most critical aspects to consider in the elaboration of decision-making processes is the manner in which
uncertainty and risk are quantified. The latter, due to the impact that these uncertainty sources may have on the final cost
associated with all available choices; costs that in some cases are related to the operational continuity of industrial systems.
In this regard, several techniques intend to address the problem of uncertainty characterization from different points of
view. Some methods follow possibility-based approaches, fuzzy logic, or evidence theory [1-4]. Nevertheless, most of re-
searchers have preferred probability-based methods for the implementation of online failure prognostic algorithms [5],
because these approaches allow including the notion of uncertainty under a well-known and accepted mathematical
formalization.

In the context of probability theory, Bayesian approaches [6] arise as a suitable option for most online learning systems.
Bayesian schemes allow the implementation of filtering algorithms (also known as Bayesian processors) for uncertainty
characterization in nonlinear dynamic processes [7-9]. This task is performed via the computation of posterior estimates of
the state vector, where both prior information (provided by the system model) and measurements (acquired in real-time)
are efficiently used. In failure prognosis, these states typically correspond to critical variables whose future evolution in time
might significantly affect the system health, thus yielding into a failure condition. However, except for a reduced number of
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cases, it is not possible to obtain an analytic solution for the filtering problem. A well-known solution for linear Gaussian
systems is the Kalman filter (KF) [10,11], which provides an optimal estimate in the mean-square error sense. Although
some nonlinear systems may be approximated by linearized versions within bounded regions of the state space, KF im-
plementations will generally offer a suboptimal solution. Moreover, underlying uncertainties may distribute differently from
a Gaussian Probability Density Function (PDF). In this regard, Sequential Monte Carlo (SMC) methods, a.k.a. Particle Filters
(PFs) [6], provide an interesting solution for the filtering problem in the context of nonlinear non-Gaussian systems. PFs
approximate the underlying PDF by a set of weighted samples, recursively updated, yielding an empirical distribution from
where statistical inference is performed.

Although PFs allow characterizing uncertainty associated with the state vector in filtering problems, our interest in
prognosis is really focused on describing the future evolution of uncertainty [12]; all to take preventive measures and avoid
failures that may lead to catastrophic events [13] that could affect system interoperability. Monte Carlo (MC) simulation [14]
offers a solution to this problem. However, the computational cost associated with MC simulation complicates the im-
plementation of real-time MC-based prognostic schemes. In this regard, the Prognostic and Health Management (PHM)
community has chosen particle-filtering-based algorithms [15] as the state-of-the-art in this matter, since those algorithms
offer an efficient alternative to Monte Carlo simulation in the implementation of real-time prognosis approaches.

Our research focuses on two aspects that help to significantly improve all particle-filtering-based prognosis frameworks
currently available in literature. Firstly, it provides a correction for the expression that is typically used for the computation
of the Time-of-Failure (ToF) Probability Mass Function (PMF) in the context of online monitoring schemes; providing a
better understanding of the risk associated with future operation and extending the ToF PMF definition to general nonlinear
systems that may present regenerative behavior. Secondly, it presents a novel method for improved characterization of the
tails of the ToF PMF via sequential propagation of sigma-points [16-18] (a set of deterministically defined weighted points
that preserve the first two moments of a PDF) and the computation of Gaussian Mixture Models (GMMs). The proposed
algorithm is tested and validated using experimental data related to the problem of battery State-of-Charge prognosis.

The structure of the paper is as follows. Section 2 presents theoretical background on SMC methods and sigma-points.
Section 3 presents a modification to the expression that is used to compute the ToF PMF. Section 4 shows a general de-
scription of the proposed prognostic algorithm and, subsequently, Section 5 shows a validation case study on Lithium-Ion
battery State-of-Charge prognosis, a.k.a. End-of-Discharge prognosis. Section 6 shows conclusions and future work.

2. Theoretical background

This section aims at providing a proper theoretical framework on some of the concepts that are included in the design of
our proposed prognostic algorithm, as well as motivating the intuition of the reader.

2.1. Particle filters

Particle Filters are computational methods designed for recursively estimating the evolving posterior distribution of a
nonlinear, non-Gaussian, dynamic system, given a set of sequentially acquired measurements (problem also known as
optimal filtering).

Let X = {X, k € N} be a first order Markov process denoting a n,-dimensional system state vector with initial distribution
P(Xo) and transition probability p(x,lx,_;). Also, let Y = {Y,, k € N\ {0}} denote n,-dimensional conditionally independent
noisy observations. PFs assume a state-space representation of the dynamic nonlinear system:

X = fXy_y, wy_y) M

Ye = &(Xpr Vi) 2)

where wy, and v\ denote independent non-Gaussian random variables. The objective is to estimate the posterior distribution
PXly;.,)- As this is a difficult task to achieve, estimators require the implementation of structures based on Bayes' rule
where, under Markovian assumptions, the filtering posterior distribution can be written as

PO XOPXelYy 1)
p(xklyl:k) — k' k k'1:k-1 .
LGV 3)
Sequential Monte Carlo methods (SMC), a.k.a. PFs, efficiently simulate com lex stochastic systems to approximate the
posterior PDF (3) by a collection of N, weighted samples or particles {x{’, W}, vajl W = 1, such that:
Np
R .
Py & Y WS av(xp).
i=1 g 4

The weighting process is performed by applying sequential importance resampling (SIR) algorithms in two stages: Se-
quential Importance Sampling and Resampling.
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2.1.1. Sequential importance sampling
Assume that it is of interest to compute the expectation

Foxo = Bavtfow) = [, Fxop@dy,dx

()
If N, independent identically distributed random samples are drawn from p(x,ly,.,), (5) is then approximated by:
A 1 Np
fap~ [ faof— 6,000 Jdx
[( Np i-1 Xk ¢ (6)
fogo~ %f( 16,004
Xp) & — X))o, (X
N, SR %)
f 1 % f( <i>)
X)) ~ — X,
N, i3 ®)

Typically, it is difficult to directly sample from p(x,ly,.,). Sequential Importance Sampling (SIS) avoids the aforementioned
issue by drawing samples from an alternative distribution called importance distribution, zz()?,f”l)?éi)k_l, Y;.1)- SIS proposes to
update the weights of each particle as

5Dy Dy
wi = wio POKOPEKL )
k= k=TT S O '
XX Vp) ©
where {)?,i”}fi”l is a set of N, random samples drawn from n(-lﬁé’?k_l, ¥,.,)- Moreover, defining normalized weights
(i)
wo = %
" N
Zihwy (10)
then the posterior distribution can be approximated by Eq. (4).

2.1.2. Resampling

In the SIS framework, the variance of particle weights tends to increase as time goes on. Moreover, most of the prob-
ability mass ends concentrating in only a few samples. This problem, known as sample degeneracy, is addressed by including
a resampling step, leading to the Sequential Importance Resampling (SIR) algorithm.

A measure of particle degeneracy is provided in terms of the effective particle sample size; see Eq. (11):

Ry = ———
eff’ A
T (Wd? an

The resampling step [19,20] saAmples the particle population using probabilities that are proportional to the particle
weights. Resampling is applied if Ny < Nypyes, With Nenres a fixed threshold.

2.2. Outer feedback correction loops

Artificial evolution [13,21] is a method used for unknown model parameter estimation that proposes the augmentation of
the state vector of the system. The state equations related to unknown model parameters assume random walk models to
implement learning procedures that allow simultaneous estimation of parameters and original state variables of the system.
Outer Feedback Correction Loops (OFCL) [22] are a class of algorithms that propose to manipulate the hyper-parameters that
characterize the aforementioned random walk models. For example, let us consider the system:

X1 = 8Xyy 0, ) 12)

HC

where x, is the state vector, € is the parameter vector and wj is process noise. If § = (guc

], where 8" is a vector of uncertain
parameters, artificial evolution proposes to consider the system

Xper1 = 8Xpr Oy ) 13)

01 = 04 + o (14

where o is a random variable. OFCL can modify the hyper-parameters of w{ to gradually reduce the uncertainty associated
to 6.
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2.3. Unscented transform and sigma-points

The Unscented Transform (UT) [16,17] is a method designed for approximating nonlinear transformations of random
variables. Although some nonlinear functions can be approximated by truncating Taylor expansions, UT focuses on pre-
serving some of the statistics related to the nonlinear transformation, using sets of deterministic samples called sigma-
points.

Let us suppose x € R™ is a random variable with mean X and covariance matrix P, and g(-) is a nonlinear real-valued
function. The objective is to approximate

Yy =8®. (15)

The UT method states the following. Firstly, compute a set of 2n, + 1 deterministically chosen weighted samples, namely
the sigma-points S; = {XO, W®},i=0, ..., 2n,, such that

X%=x i=0 (16)
XO=x+( /(nx+;<)'Px)l. i=1,..,m an
X(i)=?_<—(m)i i=n,+1,..,2n, (18)

where
wO=_X_j=0
n, + « 19)
o1 4 o,
2(n, + ) 20)
The variable i indexes the deterministic weighted samples {X©, ‘W ‘”}1226 that approximate the first two moments of x as
2ny
R = E whxd,

i=0
2ny ) ) )

Po= D WX - 2y x® - .
i=0

Weights satisfy Ziz:”’éw @ = 1. On the other hand, « > 0 is a scaling parameter which determines how far from the mean
sigma-points are set.
Applying the nonlinear transformation on each sigma-point

YO =gx® i=o0,..,2n, @1
then the statistics of y can be approximated as:
2ny ) )
ya Y wiyo
i:zo (22)

2ny
P~ Y wWOYD -y y@ -y,
Y g(:) 23)

2ny . . .
PX ~ z (W(l)(X(l) _ X)(y(l) _ y)T
y
i=0 (24)
As it can be seen in expressions (22), (23) and (24), the variable i now indexes the transformed weighted samples that
define the mean, covariance, and cross-covariance matrices of the random variable y, respectively.
UT provides a methodology that at least preserves accurately the first two moments of the associated distributions.

2.4. Weighted expectation maximization for GMMs

Expectation Maximization (EM) [23] is an iterative algorithm for finding maximum-likelihood estimates of parameters in
statistical models with incomplete data. Each iteration of the algorithm performs two steps. In the first step, E-step, the
expectation of the likelihood (denoted by Q) is evaluated using currently available parameter estimates. The second step, M-
step, modifies parameter estimates by maximizing the previously computed expectation. This process is repeated until
convergence.

Let us assume Z = (X, ¥), where Z denotes a complete data set, X is observed data, and ¥ are unobserved data. Hence, if
data is obtained from a PDF whose parameters are denoted by ©, then
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pIO) = px, ylO) = p(YIX, O)p(x1O). 25)
The E-step consist of evaluating the deterministic function
Q©, 0"V = Ellog(pX, @)X, 01, (26)

where X = x is known and %~ is the maximum likelihood parameter estimate of the previous iteration. Note that as  is

unobservable, it remains as a random variable; however Q becomes a deterministic function of @. Next, Q(@, @) is

maximized with respect to @ in the M-step, resulting in
0% = argmaxQ(@, 691,

) 27)

This research effort uses the EM algorithm in kernel density estimation, particularly to fit GMMs due to their ability to

approximate any PDF with accuracy directly related to the number of components in the mixture. In this regard, p(x1®) can
be expressed as

M

p0) = Y ap iy, =)
;]] ! 28)

with a; > 0 the mixture weights such that Z'}": 19 =1, and

1 P = Tx—pj)
p(Xly;, ) = ——————¢ 2®j —H
P @yl (29)

where y; and 2; are the mean vector and matrix covariance of the j-th component of the mixture. Therefore, the parameters
of the GMM distribution are defined as 6 = (ay, ..., ay, iy, - fygs 210 -0 -
Considering a set of observations x = (x, ..., Xy), and

o @ 50
h(i)(Xk) ij(Xk| 1 Zjl )
! p@x6®) 30)
with px 6% ) = ZM_l J(‘ R (xkly“ D Z“ Dy, the application of the EM algorithm in this case yields the following update of

the parameters for the i-th 1terat10n

(r) — z hti- 1)(X )

€2))
y Zk 1h](l - 32)
> z:k=1(xl< - O)(Xk (’))Th(z U(X )
i Zf h(' 1)(xk) .

In particular, we use in our implementation a weighted version of the EM algorithm called Weighted Expectation Max-
imization (WEM) [23,24]. The only modifications in WEM to Egs. (31)-(33) are associated with the manner in which
pj(xklﬂj“‘”, Z}"”) is computed: the right side of Eq. (29) must include a multiplication by the weight related to x,.

3. Prognosis and time-of-failure estimation

Even though real-time health monitoring schemes may provide information on the system condition via the estimation
of critical variables, it is only natural to seek a characterization of the future evolution of the system once a fault has been
detected. This knowledge eases decision-making processes, generating more reliable results, and allowing to take measures
that aim at extending the remaining useful life (RUL) or, alternatively, the end of life (EoL) of the system [25]. Both concepts
are related as:

RUL = EoL - k,, (34

where it is assumed that the system is healthy at least at the k,-th instant, moment in which prognostics routines are
executed. However, instead of talking about RUL or EoL, concepts closely related to degradation problems, we prefer to use
the concept of Time-of-Failure (ToF): the time instant where a failure takes place. The ToF concept is more general and
suitable for a wider range of applications.

ToF estimation is relevant as it provides information about the operational continuity of a system, i.e., it allows to know
for how much time the system can be operated before incurring a failure that could be catastrophic. Given the complexity of
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industrial systems, in general it is not possible to calculate the ToF with arbitrary precision, and thus it is relevant to properly
characterize the uncertainty associated with ToF estimates. According to [26], ToF prediction methods can be broadly
classified in two groups: online and offline schemes. Offline methods typically make use of computationally expensive
algorithms that offer highly accurate (or precise) results. In contrast, online methods should offer a delicate balance between
efficiency and efficacy. In [26] some examples of offline methodologies are mentioned for the characterization of uncertainty
related to crack growth dynamics [27,28], structural damage [29,30], electronics [31], and mechanical bearings [32]. Ex-
amples for the implementation of online prognosis and RUL estimation schemes can be found in [12]. Also, various efforts
aimed at quantifying uncertainty associated with RUL (or ToF) estimates are found for the problem of energetic autonomy
and capacity degradation of Lithium-Ion batteries [13,33-36], and degradation of pneumatic valves [37]. Methodologies
inspired on efficient sampling techniques [38] and analytical methods [39] have also been recently explored.

PF-based prognostic algorithms use approximations of the true state PDF based on empirical distributions; i.e., the state
PDF is characterized by a collection weighted samples. Specifically, in [13,35,36] ToF estimates are computed using a set of
N, particles (each particle being a duple {x, W{}) such that

Np
P(ToF = k) = ) Wp(failurelX = x1),
i=1 35)
where p(failurelX) corresponds to the probability of system failure, conditional to a value of the state vector x € ;=™ (value of
“fault dimension” if the concept of hazard zone [40,25] is used instead). In fact, Eq. (35) is a particular case of

P(ToF = k) = f%nx p(fallurelxk)p(xklyl:kp)dxk, 36)

where the probability distribution of the state, conditional to measurements iy is approximated by:

p(xklylzkp) ~ 1~=pl W5 a(Xp)-

It is noteworthy that in the case of systems endowed by critical variables that characterize their health (typically
monotonically increasing, or decreasing, functions of the fault severity), the probability measure previously shown in Egs.
(35) and (36) has been misinterpreted as a Cumulative Mass Function (CMF). The latter, possibly because when all critical
variables are monotonically increasing (or decreasing) functions of time, the probability measure will also be quasi-
monotonic; increasing from zero and reaching its maximum value at one. This interpretation therefore is limited to cases of
strictly degenerative systems. However in the general case, as the probability measure for ToF is defined at discrete time
instants, this concept must be reinterpreted as a Probability Mass Function (PMF).

In this paper, we propose a correction for the calculation of £(ToF = k), k > k, and where k; is the current time instant,
which satisfies the conditions for a probability measure. Furthermore, the proposal extends the application to general
systems, including all possible regenerative phenomena.

3.1. Mathematical formalization

A failure event can be treated as a non-stationary Bernoulli stochastic process; i.e., a Bernoulli process in which prob-
abilities vary as the time evolves. Denoting healthy and faulty systems (at the k-th time instant) by ¥, and #,, respectively,
we can define a probability space (2, Bpyi» Prai)» Where

® Q= {(ﬂkp, Wkp+1, s Hip Flk €N, k > k) is the sample space that determines all possible sequences where the
system remains healthy until the time instant “k”, when it actually fails,

® By, € 2%il is a ¢ — algebra,

® Pri is a function that assigns a probability measure to every possible event in the ¢ — algebra Blail-

Given the above, it is possible to characterize the true probability of failure at the k-th time instant, P(¥}). Indeed,
denoting Hiyk = Hiy Higyrtr -0 Hid, and according to the definition of conditional probability, it follows that:

P(Fr Hi i)
LT vk k,

PIF) = o
T P H AT 37)

since P(H kp: «_11F ) corresponds to the probability of staying healthy until time k — 1, given that the failure occurred at time k,

it is important to note that P(#,,._F;) = 1 (it is assumed that the system can only fail once).
Applying the definition of joint probability, Eq. (37) can be rewritten as

P = PFiH k0P Hige- - ¥V k> K, (38)
It is important to note that:

® P(FulH,: k-1 corresponds to the failure probability measure that has been used in the literature so far, equivalent to the
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expression described in Eq. (36); i.e.,

P(Tklﬂkl,:k—l) = Anxpdailur6|xl<)p(xkly1;kp)dxk- (39)

Prognostic algorithms currently used in the context of online monitoring characterize p(xly,. kp) by the propagation of

uncertainty to future moments without considering any constraint other than the dynamics of the state. Indeed, when
propagating the uncertainty one step ahead in the future, those algorithms implicitly assume that the system was healthy
during the previous time instant.

It is noteworthy that P(ﬂI(Hkp:k_l) can be interpreted as the expectation of p(failurelx,) with respect the probability
measure p(xly;., )-

* P(H,,

Then,
that:

ko IS thepprobability that the system is healthy until the (k — 1)-th time instant. In consequence,
P Hp:k-1) = PHi A Hy,:k-P Hig:-2)
= P(Hy A H k- P Hi o Hi k- 3P (Hik-3)

k-1
= [ PyH 0
j=l<p+1 (40)

as P(?—{jlﬂkp:j_]) =1- P(‘FJ-I‘Hkp:j_l) and the failure is modelled through a Bernoulli stochastic process, it follows

k-1
P(q'{kp;k_l) = H [1 - P(‘}_jlq_{kp:j—ﬂ]

J=kp+1 41
k-1
PH-0= [] [1- fm o PUailureixppxiy, . Jdx; |

j=kp+1

42)

The failure probability described in Eq. (38) is defined as the product of P (Tl Hey:k-1) and P(H, .,._y, where the first term
corresponds to the likelihood of failure at k-th time (assuming that the system was healthy for all previous moments). The
second term indicates the probability that the system was actually healthy until the (k — 1)-th time instant.

For completeness, we show here that the probability measure P (%), given in Eq. (38), effectively holds all properties for a
probability measure, as a function of time. As a first step, we demonstrate the following lemma.

Lemma 1. If P(H, .0 =[]

k
j=kp+1

(1 - PFHHizy), k> k. then

n
Z ¢)(‘}_kl(}{kp:k—1)(‘D(7_{kp:k—l) =1- P(7_{kp:n)
k:kp+l (43)

Proof.

<

ES

<

k
PHp0 = 11 [1—P<"fjmkp:j_o]

j:kp+1

P(Hy,:0) = [1 - 7D(7:k|7{kp:k-ﬂ]P(ﬂkp:k-l)

PIUH k- 0P Hie k1) = P Hie i1 = P(Hie,0
n n
Y PEH 0P Hid = 2 PHi o) = PHi )
k=kp+1 k=kp+1
n
Y PEH )P Hi) = P(Hi) = P(Hi )
k=kp+1

P(H ) = 1, because it is known beforehand that the system is healthy at the time when the prognostic algorithm is
executed. Thus, it follows that

=

n
Z 7()(7—_k|7—[kp:k—])p(?‘{kp:k—l) =1- 7)(r}{kp:n)'
k=kp+1
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[m]

Now we show that the probability measure P(F;) is well defined.

Theorem 2. Considering the definition of P(F,) shown in Eq. (38), it holds that

L0<PFY)<1,Vkez

2.P(F)=0,vk<k,

3APF ez € 7 Moreover Yre_ o P(Fp) = 1either if it fails in finite time or if the support of the PDF of the system states have
non-empty intersection with the hazard zone to infinity.

Proof.

1. It follows from the Law of Total Probability.

2. If follows from the fact that failure prognostic algorithms solely provide useful information when utilized to predict Time-
of-Failure (and thus, it is assumed that the system has not failed yet). If a failure had already occurred in the system, then
real-time failure prognosis would be an ill defined problem.

3. Provided that

h [s<]
Z |7)(‘7_k)| (Tl eorem21) Z 7)(‘7’_k)
k=—o k=—o
(Theorem 2.2) i
= P(Fr)
k=kp+1

2 PEHu 0P Hiiod
k:k +1

lim Z PFUH -0 (Hig k)

n—-oo
k=kp+1

e 1 lime(H, ),

n—oco P
then {P(Flkez € £ as P(Hy,) <1,V 0> k,. Finally, considering the existence of n € Z big enough to ensure that the
support of p(xklyl‘k ) intersects the support of p(failurelx,) for a sufficiently extended time period, it follows that:

llmP(ﬂk ) =

n—oo
The above equation holds trivially when the system RUL is bounded in time, a fact that can be safely assumed for all
practical purposes.o

In the case of degenerative systems; i.e., those which health decreases monotonically in time (without presenting re-
generation phenomena), it is expected to undergo system failure in a finite amount of time. Even in cases when the system
could remain healthy for a extended lapse, for example when it exhibits regenerating phenomena, the probability of failure
after a large amount of time should be close to zero. Indeed,

k-1
llmP(Tk)— llmSD(‘FkIG’—(k k- 1)7»)(7{,( k-1 = llmP(TkI‘Hk k=1 H P(?—(I?—(k -1
J=kp+1
k-1
= lim P(FiH k-0 11 1= PFfHi0 | < lim H 1= PFH -0
%/—Jj I<p+1 ® j= kp+1
k—kp+1
< lim max(l —P(‘Flﬂk e 1)] =0
k—col kp<j<k

J

<1, as it does not fail in finite time



D.E. Acufia , M.E. Orchard / Mechanical Systems and Signal Processing 85 (2017) 827-848 835

4. Proposed prognostic algorithm: propagation of uncertainty via sigma-points

Real-time evaluation of (38) requires proper characterization of the manner in which the uncertainty associated with the
state vector propagates in time. In this regard, prognostic algorithms based on PFs, such as the one developed in [13], have
repeatedly been used as the method of choice in different applications [41] including damage growth prediction [42], failure
analysis of analog electronic circuits [43], fault-tolerant component design [44], failure analysis of electrical machines [45],
and battery State-of-Charge and State-of-Health prognosis [34-36,46], among others [47]. However, this class of algorithm is
not without problems. Firstly, it does not provide a characterization of exogenous inputs that may affect long-term pre-
dictions. Second, PF-based prognostic approaches typically use a fixed number of (sometimes equally weighted) particles
randomly placed in the space-state, and it is difficult to ensure that those particles will suffice to properly characterize the
tails of future state PDFs as the prediction horizon grows. These aspects motivate the development of new prognostic
algorithms that could overcome these limitations.

This paper proposes a novel methodology for probabilistic characterization of the uncertainty associated with the
temporal evolution of nonlinear dynamic systems, within the framework defined by failure prognosis problems. The method
assumes a state-space representation of the system given by:

X1 = Xy Uy @) (44)

Y = 8Xp, Ups ), (45)

where x, € ®™ is the state vector, u, € ®"™ is an exogenous input, y, € R? is the output, o, € ®" and 5, € R? are random
variables respectively corresponding to process and measurement noise sources, and f(-) and g(-) are real-valued nonlinear
functions. Requirements to be considered in the design of the proposed prognostic method include that:

(i) It must be applicable to nonlinear dynamical systems.

(ii) It should be computationally tractable for real-time applications.

(iii) It must offer approximations invariant to actual state PDFs.

(iv) It must consider the probabilistic characterization of exogenous inputs.

Since PFs are the de facto state-of-art for statistical inference in nonlinear systems within the PHM community, our
proposed algorithm addresses the first requirement by using the weighted samples provided by PFs as inputs of the
prognosis module. As the propagation of the uncertainty in time could indeed generate complex PDFs, both the second and
third requirements represent difficult challenges. Last but not least, the fourth condition allows to include different possible
scenarios for the future operation of the system.

Prognostic algorithms must be able to characterize future evolution of uncertainty associated with the state vector, solely
using information collected from system outputs up to the present time. If we assume exogenous inputs to be known, or at
least probabilistically characterized, the problem of uncertainty propagation should in theory be solved via Monte Carlo
simulation and systematic application of the state transition Eq. (44). However, real-time computation of the predicted state
PDF requires a significant computational effort when dealing with nonlinear systems and non-Gaussian process noise. To
solve this issue, our approach proposes an approximation of the predicted PDF using sequential propagation of sigma-points
and the computation of GMMs. The procedure is now described.

To motivate intuition, and for illustrative purposes, consider a system with additive Gaussian noise

Xk+1 =f(xk' Up) + @y (46)
Y = 8y, Upo mp) (47)
Assume that a PF-based estimation stage has processed information up to time k,, the prognosis time; thus pro-

viding an empirical posterior distribution for system states via a set of weighted samples (particles) {xlg;), W,g;)}f.vjl de-
noted by

Np
~ Y Wis .
P& Vi.i,)) E k) 48)
Let us also assume that the process noise w, PDF is approximated by the GMM:
NC
Oy O 50

Wy ~ v N’ 2.7,

k E k k k (49)

with 1 > 0, 4" and = the I-th weight, mean and covariance matrix respectively, 3,7 = 1. Then, by applying Eqs. (44)-
(48), the one-step predicted state PDF can be approximated as
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PRy r.g,) ~ Z L L
(50)

Thus, p(x, +1Iy] ) is approximated by the convolution (denoted by ®) between an empirical PMF (defined by particles
{f (x 0 1, o) W,( ), JiF}) and the continuous PDF of wy. Note that the state transition model is used to reallocate particle po-
sitions in the $tate- -space and W,g” = W:i:,) as the increment of uncertainty related to one-step predictions is characterized
by the convolution with the process noise.

Assuming that the process noise is distributed as GMM, Eq. (50) can be rewritten as:

Np

d
P&y ) » Z W“)H ; J’k,J N(kaﬂ M +f(X(” W), 2y )) o)

Eq. (51) provides a continuous representation of the state vector PDF at time instant k, + 1. Unfortunately, this result
cannot be extended beyond that particular instant, since Upsj is a random variable vV j > 1and f(-) is a nonlinear function. In
fact, it cannot even be assured that the predicted PDF at time k, + 2 will be a GMM in general. Furthermore, in most cases,
predicted PDFs beyond time k, + 2 will generate computationally intractable distributions for real-time applications, as
there is no analytic expression for them, making it difficult to perform statistical inference.

Now, assuming that u; ,; is a random variable v j > 1, it can be stated that, v k > k,,

p(xl<|y1;kp) = /Z.I p(uka:k—l)p(xklukpﬂ:k—l- y];kp)dukpﬂzk—l

kp+1:k-1

(52)

Eq. (52) can be sequentially approximated if the sequence {Upajdvjet is assumed to be the realization of a Markov Chain,
since the integration over the space of future system inputs is transformed into a summation over a finite amount of values
(refer to Eq. (60) for one specific example).

However, it is still true that predicted state PDFs will not be a GMM in general, since f(-) is a nonlinear function. An
alternative to overcome this problem, inspired by Monte Carlo (MC) approaches, would be to represent
N(xkpﬂ, /lk +f(x(’) Ug,), Z(’)) as a set of weighted samples. Nonetheless, this option will inevitably exponentially increase
the number of samples as fong as the prognosis procedure continues.

The proposed uncertainty characterization (prognosis) algorithm (Steps 1-4), based on Unscented Transform Approx-
imation Clustering (UTAC) [18], aims at overcoming these difficulties by suggesting a procedure that can be implemented in
real-time. It helps to generate approximated versions of the predicted state PDF at future time instants k > k,, based on the
fact that the filtering stage has been solved via a PF implementation (i.e., an empirical PF-based PMF, see Eq. (4), is the input
to the prognosis stage). It is assumed that the estimation stage finishes at time instant k,, the time at which the prognostic
algorithm is executed.

eStep 1: State transition via sigma-points

The process noise w;, ~ Zfi‘l }’,i’)N(ﬂk(D, 2,5”) is characterized by a weighted sum of Delta-dirac functions representing each
component of the GMM by a set of sigma-points. In fact, indexing each component of the GMM by I and the elements of
each set of sigma-pints by j, we have:

Ne 2ny
Z }'k(l)N(xk ﬂk(l) Z(l)) ~ Z z (l)(W(“)(sX(l,j)(Xk),
=1 j=0 (53)
where (X, W)} is a sigma-point set, with[ = 1, ..., N, and j = 0, ..., 2n,. It is now possible to represent the process noise

by a set of deterministically fixed weighted samples, {X{, yOW ().
The state transition equation is then applied to each one of the N, particles that are related to the k-th prognostic time
instant, yielding the prior PDF

R NeNc(2ny+1) @
P&yl _1, Yy ) = Wi 809X,
)= X Widy 54)
where pPXpluy_q, A 'kp) R ﬁ(kak_], y];kp). and

= RO L we_q, X)), (55)

W”) W b w i, (56)

with i* = i*(i, j, I), and ka f(xlgj, U, X}fl;j)). In other words, each i* is assigned to a unique combination of i, j and L. Hence,
asi=1, ..., N, theni*=1, ..., N-N-2n, + 1). In addition, it is possible to state that
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x|_z/ U DD Xiltye_1, Yy, )ty
P&y ,) ﬂk_]P( k- VP Kilthe_1, Yy YUl 7)
because the integration with respect to Upys1:k-2 1 implicitly contained in previous iterations of the algorithm, when exe-
cuted in a sequential manner.

Note that if the sequence {uy_,;}y;. is assumed as the realization of a Markov Chain of N, states, then the probability
transition kernel would be of the form:

Pi1n Py - Piy,

K - p?,] pz.,z pz:Nu

u

Pn,1 Phg2 - Phyn, (58)
and then the state probabilities can be updated as:
[p(u,ilﬁ) pu@y ... p(u,i’iuf)] = Ku-[p(u,i”) pu®) ... p(u,EN“))]. (59)

Thus, finally, Eq. (57) can be written as:

Ny NiNc(2nyg+1)

P~ Y Y PO 5. (60)
m=1 i*=1

eStep 2: Fitting a GMM

Considering that the empirical representation computed in Step 1 incorporates uncertainty by incrementing the number
of particles, we apply the WEM algorithm (Section 2.4) to fit a GMM of M, components, denoted by GMM;:
My X A )
GMM(x) = Y. e N w0, 59).
j=1 (61)

If k = k, + 1, we use the k-Means algorithm (or another suitable option) to obtain an initial condition for the parametric
estimates. Otherwise, an alternative is to use GMM,_; and apply f(-) to the mean vector of each kernel.

eStep 3: Simplification using sigma-points

Sigma-points are used once again in this step for representing GMM,(x,). The idea behind Step 2 is that we can vary
(reduce) the size of the incremented particle population by modifying the value of M,, according to the following re-
lationship:

Nij1=Me@2ny + 1) (62)

eStep 4: Repetition

As Steps 1-3 define an invariant (with a controlled number of particles), these steps can be repeated indefinitely, pro-
pagating uncertainty until the whole prediction horizon is covered.

4.1. Comments on requirements of the proposed prognostic algorithm

Having explained the proposed uncertainty propagation (prognostic) algorithm, it is important to note how we ensure
that the design requirements are met, as well as to specify certain conditions for the convergence of the WEM algorithm.

The first and fourth requirements are satisfied by the proposed algorithm because (i) it uses empirical distributions that
are supplied by PFs during the estimation stage, and (ii) it allows for the characterization of exogenous inputs at each
nonlinear state transition. The second requirement is achieved satisfactorily as Step 2 provides flexibility in terms of the
simplification of the prior PDF at each time instant. Regarding the third requirement, it must be noted that the intensive use
of sigma-points preserves the first two moments of the distribution, characterizing at least the mean and covariance of the
original distribution more precisely.

The most important feature offered by the proposed algorithm is related to the manner in which we fulfill both the
second and third requirements. The algorithm is elegant in terms of how it (deterministically) allocates samples in the state-
space. A finite number of particles is scattered to approximate a PDF whose support grows as you move forward in the
future. In addition, these samples are correctly positioned and appropriately weighted under the concept of sigma-points.
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Step 3 saves computational resources because it provides a bounded number of particles from which it is possible to
apply statistical inference. A reasonable alternative is to sample from the GMM set in Step 2 but, as the probability mass is
spread on the state-space, it would be necessary to continuously increase the number of samples as a function of the
remaining prediction horizon; a fact that would also affect the algorithm efficiency.

4.2. Convergence of the WEM algorithm

The proposed approach relies heavily on the convergence of the WEM algorithm in Step 2. Since the WEM algorithm is
iterative and seeks a local extremum for the optimization problem, it may converge to incorrect solutions (or simply it may
not converge at all) if at least one of the following conditions is met:

1. The initial values for the GMM parameters are remarkably different from the true ones.
2. The structure of the GMM model is over-parametrized.
3. The number of samples is insufficient in terms of the number of parameters to be estimated.

The usage of weighted samples (in Step 1, all sigma-points inherit the weight of the original particle, a fact that is
explicitly used to compute the probability distribution (57)) allows the use of fewer particles in the characterization of
the predicted state PDF. From a frequentist standpoint, weights can be interpreted as a measure of the probability mass
associated with each sample, while in conventional sampling approaches require several samples to represent
“probability”. In other words, sample weights contain valuable information and allow faster convergence of the
algorithm.

Although this paper does not include a formal analysis on convergence issues associated with implementations of the
WEM algorithm, we would like to address certain considerations that may be taken into account to avoid convergence
problems. Particularly, it is highly likely that these problems could occur in scenarios where it is intended to build a GMM
(Step 2) using an insufficient number of samples from the previous step (Step 1). A measure to overcome this problem is to
increase the number of sigma-points generated at Step 3.

The general procedure for the computation of sigma-points (see Section 2.3) uses the empirical covariance matrix of the
state vector, locating sigma-points in directions defined by the matrix eigenvectors. Recalling that the equations that de-
termine the positions of the sigma-points are given by:

X(O) =X i=0,
X(i)=)_(+( /(nx+K).Px)i i=1,...,nx,
X(i)=)_(—( /(nx+K).Px)i i=nx+1,...,2nx,

and also considering that the covariance matrix of the state matrix can be decomposed into P, = S,S!, it follows that [48]:
P, =SSl =SIsT =s,cC’sT =s!s", (63)

where [ is the identity matrix and C is a rotation matrix, both of dimension n, x n,. The rotation matrix C allows for the

allocation of sigma-points in different directions of the eigenvectors of the covariance matrix P, maintaining the properties

of the UT and therefore achieving a greater number of sigma-points (whose weights should be properly defined).
In a case where n,=2, the rotation matrix C = C(9) would be

sin(@) cos(d)

) = [cos(é)) —sm(é))]

(64)

4.2.1. Increasing the number of sigma-points

Since the WEM algorithm may not converge due to the scarcity of weighted samples, increasing the number of sigma-
points may help to solve this problem by augmenting the density of samples in the state-space. This task can be addressed
by considering sigma-points in directions that differ from the ones classically defined by eigenvectors.

From Section 2.3, we can infer that if x € R, it is only possible to generate 2n, + 1 sigma-points. However, we can
increase this quantity to 2n,n, + 1 by including rotations.

Indeed, given that a Gaussian distribution can be written as:

NE; X, B) = N(; X, B)
1y r=0 (65)
1 mel
N % By=— Y NX; X SSD,
o5 > (66)
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and considering the r-th n,-dimensional rotation square matrix denoted as C| ( %r) then we can rewrite the expressions as:
T

1 n—1 T
NEx; &, P) =— NE; %, 5,5¢)
Yoo, & ¥ (67)
1 n—1 T
NX; %, B) = — Nx:X,SCLrC(” )SXT
n. ‘= 2n 2n, 68)
_ 1 "G % T
N, X, P) = — X; X, SiS7)
( = ;

(69)

with S, =S C( r) Taking sigma-points on each of the Gaussian distributions, with rotated covariance matrices, we define a
general way for augmenting the number of sigma-points:

X0 =z i=0
X =%+ (m)1 i=1,..,n
X(l): (W)I i:nx+1....,2nx

X9 =g 4 m.c(z’f )] i=2n,+1,..,3n,

X0 —x_ <nx+K>-Px-c( = )] i=3n,+1, .. 4n,

X0 =%+ [(n, + K).P)(.C(%(nr - 1))] i=2n,-2n,.+1,...,2n, - Dn,

X0 % - mc( =
:

)] i=2mn,-Dn, +1, ..., 2nn,

where
Wwo - _K i=0
n, + x
(W“‘)=; i=1,..,2n,n,
2n,.(n, + x)

4.2.2. General ny-dimensional rotation matrix

Let us assume that n, > 2. According to [49], rotations in an n,-dimensional space can be performed by rotating a
2-dimensional plane on an (n, — 2)-dimensional subspace. Since in Section 4.2.1 we require to rotate the eigenvectors of S,
we may apply this property to an orthonormal basis built with its eigenvectors v, v, ..., v, € ®™. Thus, without lost of
generality, we can define:

A= [vl Vy ... Vnrz]- B= [vnx,l an]-

where the matrix A contains (n, — 2) eigenvectors of S, that define the subspace on which we will rotate the plane defined
by the columns of B. Therefore, from [49] we can define the rotation matrix:

C(B, 0) = I, + BB'(cos(0) — 1) + BJ,B'sin(9),
with L, the n,-dimensional identity matrix and
0 -1
k= [1 0 ]
Note that for n,=2, and considering B = L,, we get:

. 10 cos(@) — 1 0 0 —sin@®) cos(d) —sin(9)
CB, O =1 +1 0) — 1) + LJ, IJsin(@) = = ,
B, 0) = b + h{cos®) = 1) + b, sin(®) [0 1] * [ 0 cos(®) — l] * [sin(a) 0 ] [sin(e) cos(é))]

which corresponds to the same expression shown in Eq. (64).
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Although we are limited to rotate a plane defined by two arbitrary eigenvectors of S,, it is possible to generalize the
algorithm if we divide the probability mass equally between the sigma-points that are obtained from all possible combi-
nations of rotation pairs.

5. Performance analysis of the proposed prognostic algorithm: Lithium-Ion battery end-of-discharge

This section analyzes the performance of the proposed prognostic algorithm in a case study that is focused on the
problem of Lithium-Ion (Li-lon) battery State-of-Charge (SoC) prognosis, which is equivalent to the problem of End-of-
Discharge (EoD) estimation. This case study assumes the implementation of a PF algorithm, for SoC estimation purposes
(filtering stage), which follows the recommendations suggested in [36] in terms of the number of particles utilized, as well
as other parameters. State PDF estimates that are generated during the filtering stage are fed into the prognostic module as
initial conditions. The proposed prognostic algorithm is evaluated for three different parameter configurations, in terms of
the quality of statistics that are computed from EoD PMF estimates.

Both filtering and prognostic stages use a state-space model to represent the evolution in time of the Li-lon battery
voltage as a function of the SoC, the battery internal impedance, and the discharge current (exogenous system input). The
objective in this case study is to prognosticate the moment in which the battery energy is depleted (failure event). The
solution for this problem can be obtained offline by computing a “ground truth” failure PMF. This PMF is calculated using
Monte Carlo simulations for future trajectories of the state vector (including the future SoC), which are conditioned on
several realizations of a probabilistic representation of the future battery operating profiles. The true challenge is to solve
this prognostic problem in real-time, using the proposed approach. The performance of the online prognostic algorithm will
be measured in terms of the quality of the resulting empirical ToF PMF. Such a PMF is built using the new ToF probability
measure that was introduced in Section 3, where ToF is equivalent to EoD time. Indeed, in the context of SoC estimation and
prognostic problems, a lack of energy represents a failure mode of the system.

For most of the battery operating range, the relationship between SoC and the Open Circuit Voltage (OCV) curve can be
characterized by an affine function; see “zone 2” in Fig. 1. Nonetheless, we have adopted the model proposed in [36], which
also accounts for the nonlinear behavior present in “zone 1” and “zone 3”.

State transition model:

Xk + 1) = %(k) + oy(k) (70)
V), xy(k), uky)-uck)-T,
Xk + 1) =x,(k) — + wo(k)
2 2 Eqri 2 (71)
Measurement model:
yk) = D@x(k), x,k), uk)) + nik), (72)

with

V(x k), X0, uk) = vy + (vg=v)-e 0201 4 gy, (xy(k)-1) + (1—a)~vL-(e’/’—e’/"m)—u(l<)-x1(k) 73)

In this model, the input to the system u(k) = i(k)[A] is defined as the discharge current, while y(k) = v(k)[V] is the re-
sulting voltage difference in the terminals of the battery and the system output. The states x,(k) corresponds to the module
of the internal impedance (unknown model parameter); whereas x,(k) is the battery SoC measured with respect to E., the
expected total energy delivered by the battery. Process noises w,(k) and w,(k), and the measurement noise 5 (k) assume a zero
mean Gaussian distribution. Finally, T[s] is the sample time and v, v;, «, # and y are model parameters to be estimated
offline (see [36] for details of this procedure).

Discharge Open Circuit Voltage

35} 8

Voltage [V]

1 09 08 0.7 06 05 04 03 02 0.1 0
SoC

Fig. 1. OCV curve of a Li-lon cell (black line) and the projection of its linear operational range (dashed gray line) as a function of SoC, [50,36].
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5.1. Characterization of future discharge current profiles using Markov chains

Battery SoC and EoD prognosis requires the incorporation of knowledge about the future battery usage profile, in terms
of its discharge current i(k). For this purpose we can statistically characterize this consumption profile by assuming that past
discharge current measurements correspond to a realization of a two-state Markov chain [36]. In this statistical char-
acterization, one of the states of the Markov chain represents a high-energy consumption profile, while the second state is
related to low-energy consumption profiles.

The implementation of this statistical characterization for the system inputs requires the estimation of transition
probabilities, and the definition of maximum and minimum discharge currents. For example, if it is assumed that the
battery is energizing electro-mechanical systems and providing relatively constant power, the average value of the
current will tend to increase as the SoC decreases (because the battery voltage also decreases). This fact forces the
incorporation of adaptation schemes that could learn (from acquired data) the most representative values for high
and low energy consumption states. For this purpose, battery discharge data is segmented at regular time intervals.
Each interval contains a fixed number of samples N,,. This segmentation generates m time intervals such that
m = |L/N,,|, where L is the number of measurements available at the moment. For simplicity, if the ratio between the
number of measurements and N,, is not an integer, then the first window can include more data samples. A low-pass
filter is applied to the discharge current data to discard outliers and anomalous peaks, obtaining a filtered signal i'(k)
as a result. Then, for each j-th interval (j = 1, ..., m), we compute the minimum and maximum discharge current va-
lues, i = min{i’(k)}, and i,?%h = max{i'(k)}, where k=1, ..., N,, is a time index valid within the j-th window. Next, on

low A .
each interval, current measurements are quantized into two possible values defined by i), and i}l’i;h. These values
define the low-energy, and high-energy consumption states of the Markov Chain that characterizes the j-th interval.
Discharge current data satisfying i' > (ijyy, + i}},)/2 are quantized as ijj,,; otherwise, they are quantized as ig,,. For each
interval, it is possible to compute transition probabilities p;; between low-energy and high-energy consumption
states. These transition probabilities are estimated through maximum likelihood. For more details about this

procedure, refer to [36].

5.2. Performance measures

In order to study the performance of the proposed algorithm, an assessment is made based on the following
measures: expectation and JITP , [35]. The first measure is well-known, whereas the last one is now explained in more
detail.

JITP , intends to characterize the risk associated to decisions based on the outcome of prognostic algorithms. Indeed, this
measure assumes that the risk is a function of the tails of the underlying failure PDF. In this regard, the concept of Just In
Time Point (JITP) is defined as

JITP ,, = argmin(P(ToF < k) > a%).
“* k (74)

The JITP generates the notion of a threshold for the probability of failure. Also, it allows to define the index . as a
measure of risk aversion:

Apip = argTax(]lTPa%(kp) < ToF)yieqi,Tory 75

This value is defined as the maximum « € [0, 100] guaranteeing that JITP ,(k,) is smaller than the true ToF,
v k, € [1, ToF]; where k;, is the time instant where prognosis begins.

5.3. State estimation stage: parameter setup for particle filtering algorithms

The outcome of the estimation stage is critical in terms of the performance that could be expected from probability-
based prognostic algorithms, since the filtering algorithm defines the initial condition that will be used to compute long-
term predictions. For this reason, it is paramount to define proper procedures for parameter setup during the filtering stage.
In this work, we follow the procedure proposed in [36] to setup the parameters of our particle filter implementation, given
that the state equations that govern model dynamics are basically identical. Measurement noise can be directly char-
acterized from sensor measurements, particularly considering that most of the model parameters that are related to the
observation Eq. (72) are estimated offline from the analysis of complete battery discharge curves [36]. Then, we only need to
study the setup of the following parameters:

® Number of particles.
® Hyperparameters associated with the definition of process noise.

Process noise hyperparameters represent epistemic sources of uncertainty, and must be set so that the support of the prior
distribution p(x,lx,_;) also contains the posterior distribution p(xly,.,). The number of particles is related to convergence
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properties of the particle filter algorithm [6].

The number of particles can be set following the procedure proposed in [36], which is also focused on the problem of
battery SoC estimation and prognosis. According to those results, a number between 50 and 100 particles is sufficient to
provide a reasonable characterization of the underlying PDFs. Since the initial condition of the battery SoC is unknown, it
may be recommendable to implement outer feedback correction loops (see Section 2.2) to generate time-varying hy-
perparameters for the process noise. In those cases, it is recommended to gradually reduce the variance of the process noise
as the Bayesian processor acquires more measurements [22].

5.4. Experimental results

The proposed algorithm is applied to the problem of Li-lon battery EoD prognosis, establishing a comparison be-
tween the solution provided by the online algorithm and the one yielded by offline Monte Carlo simulations. For the
implementation of the PF algorithm, some functions of the Matlab Toolkit ReBeL-0.2.7 developed by Rudolph van der
Merwe and Eric A. Wan are used. The values of the model parameters described by Eqgs. (70)-(72) are the following:
a=0.15, f=12, y=6.6061, vo=4, v;=3.8126, and E.;=19,865. Online measurements are provided by experimental
voltage and current discharge data of a Li-Ion 18,650 cell. The data set consists of 3638 successive observations with a
sampling time of T, = 1[s]. The data acquisition experiment is designed to force a discharge current profile that is
equivalent to the realization of a homogeneous Markov chain of two states, which represent random changes between
high and low current levels; see Set #2 of Section 3.2 in [51]. The states of the Markov chain are uy = 1[A] and uy; = 3[A],
and the transition kernel is:

K= [0.5709 0.4291]‘

0.5577 0.4423 (76)
As there are two possible input values, then
1
A A
Do ulyy ) ~ E)p(ui)p(xklu,», Vi) Yk o

where each PDF ﬁ(xk, u,»lylzkp), with i=0,1, is computed separately applying Step 1, and later merged in Step 2. At every

moment, the probability associated with the value of each input is updated using the transition kernel shown in Eq. (76).
Moreover, the hazard zone [40,25] is defined in this case as:

p(failureix,) = {2) Soc < 40% )

To evaluate the performance of the prognostic algorithm based on a combination of sigma-points and GMMs,
we study three scenarios. On each one of these scenarios, a constant number of particles and GMMs components
(in Step 2) are used. Also, we assume constant values for « > 0 (see Section 2.3), both in Step 1 and in Step 3 of the
proposed algorithm.

Let the value of k (required for the calculation of sigma-points) be denoted as x; in Step 1 and as k3 in Step 3,
respectively. After studying the impact of variations on the value of x; on a series of experiments, we have found that
values smaller or equal to 1 generate results which do not differ significantly. For this reason, we have chosen i = 1 for
all cases. This is mainly caused by the fact that sigma-points in Step 1 are solely used to adjust the GMM at Step 2.
However, the algorithm is very sensitive to the value of k3, since this parameter determines the density (in the state-
space) of the particle population that is used as an input of the prognostic algorithm (to predict the state PDF at the
next time step). If samples (particles) are located far away from the support of the true state PDF, much of the ap-
proximation is lost. As a result, the value of k3 must be small. The results are highly affected when «; > 0.15, so we
choose to define x; = 0.12 for all simulations.

As it has been mentioned before, three different parameter configurations (for the proposed prognostic algorithm) are
tested against the “ground truth” Monte Carlo solution. According to the notation used in Section 4, Ny represents the size of
the particle population at the k-th time instant, and M is the number of components for the GMM fitted at the k-th time
instant:

® (Case 1: Ny=45 and M, =5.
® (Case 2: Ny=90 and M;=10.
® (Case 3: Ny=135 and M, =15.

It is important to mention that the N; — the number of particles - is fixed both during estimation and prognosis stages for
all three cases. Also, it is noteworthy that, according to Eq. (62),
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Ne = 9 (number of sigma—points in Step 3),

My

although according to Section 2.3, the number of sigma-points should be 2n, + 1 = 5 (for n, = 2). The increment in the
number of sigma-points is based on the fact that the assumption of five sigma-points in Step 3 lead to convergence
problems; see Section 4.2. Therefore, in Step 3, sigma-points are calculated as (see Sections 2.3 and 4.2.1 as a re-
ference):

X%=x i=0 7

X<i):)2+( /(nx+1<)-Px)_ i=1,..n ®0)
1

X<i>=>?—( /(”x+’<)'Px),. i=n,+1,..,2n, 1)

X<f>=,-<+(m.c(%)) i=2n,+1,..,3n,

i (82)
X(i>=x—(\/(nx+x)-l’x~C(£)) i=3n,+1, ..., 4n,
4)), (83)
where
wo=-_EX_ j-0
n, +« 84)
i 1 .
D=~ j=1,..,4n,
4(n, + x) X (85)

Considering n,=2, the number of sigma-points becomes 2n,n, + 1 = 9. Since an increment on the number of sigma-
points solely seeks to avoid convergence problems (at the cost of increasing computational complexity) we have
chosen to consider n,=2 in this particular implementation of the code. Using n, > 2 would only incur in an un-
necessary use of computational resources.

Results obtained after applying our proposed prognostic algorithm for this case study are shown below. It is im-
portant to note that, given the probabilistic nature of the PF-based estimation stage, the analysis of each case (i.e., each
parameter configuration) considers 30 realizations for both filtering and prognostic stages. In this manner, we can
incorporate the impact of different initial conditions for the prognostic stage. In addition, as the quality of this initial
condition for prognosis improves as the number of particles increases, we have used 135 particles during the PF-based
estimation stage, independently of the parameter configuration utilized during the prognosis stage. In the case of the
“ground truth” failure PMF generated by Monte Carlo simulations, we also considered 135 particles to characterize the
joint PDF of the state vector during the estimation stage. Monte Carlo simulation is then performed by propagating
each particle in time, using the concept of “random walks” (defined by the state model) until reaching an EoD con-
dition. This procedure is repeated 1000 times per each one of the 30 realizations considered during the filtering stage
(i.e., a total of 30,000 simulations). The prognostic algorithm is always executed at the 1000th second of operation in
the battery discharge experiment.

Before we present a brief analysis of the obtained results, it is important to emphasize a few facts. From Eq. (38), in which
we propose a new definition for the computation of ToF PMFs in the context of online applications, it can be noted that the
failure probability at any given time instant (in the future) depends on the failure probabilities computed for previous time
instants. As the proposed prognostic algorithm becomes less accurate in terms of uncertainty propagation as time goes on (a
problem that is shared by any suboptimal prognosis algorithm), we expect that the predicted ToF PMF will be better
characterized on its left tail, rather than on the right tail. Now, in terms of the usefulness of prognostic results, our interest
focuses on the characterization of the left tail (e.g., decisions based on failure probabilities greater than 40% are too risky in
practice). Since our focus is on quantifying the capability of the algorithm for risk characterization, we have chosen to
analyze the performance of our proposed prognostic algorithm in terms of the accuracy and precision exhibited by statistics
that are typically used for real-time decision-making processes: conditional expectations and Just-in-Time-Points (JITPs).
The latter statistic is more interesting as it directly quantifies the risk in ranges that are actually useful for real-time health
management (the user needs to take actions, but the question is how much failure probability is the user going to risk by
postponing those actions?).

Considering all of the above, let us proceed with the analysis of obtained results (Tables 1-3). First, it is interesting to note
that in all three cases we get slightly biased failure PMFs, although these biases (as well as the standard deviations of
conditional expectations) are negligible with respect to the prediction horizon (976.2[s]). Particularly for the parameter
configuration used in Case 2 (see Fig. 3), the bias represents only a (conservative) error of 1.56% when compared to this
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horizon (Table 2). Even in Case 3, the most biased result, the systematic error only represents 2.78% of the prediction horizon
(Table 3). When comparing the quality of the obtained results with respect to the “ground truth” failure PMF in terms of
statistics such as the JITP, differences are also negligible when compared with the prediction horizon. This is, indeed, a
significant achievement. Particularly if we consider that the proposed prognostic approach allows probabilistic character-
ization of external inputs with just one realization (contrary to the already consolidated PF-based prognostic algorithm
proposed in [13], which requires several realizations of the Markov chain that characterizes system inputs).

A more detailed comparison of the results obtained for Case 2 in terms of JITP estimates, with respect to Cases 1 and 3
(Figs. 2 and 4, respectively), shows that average values of these statistics in Case 2 exhibit a delicate balance between
accuracy and precision (Table 2). Indeed, estimates for JITP statistics in Case 2 have smaller standard deviations than Case 1,
and their average values also represent more conservative estimates (a fact that is critical for decision-making processes in
prognosis). Case 3 exhibits even more conservative biases, although JITP estimates are also less precise (a fact that is re-
flected in bigger standard deviations). Considering the importance behind JITP statistics as measures for the operational risk
of the system, we conclude that Case 2 shows the best performance.

Case 1: Ny=45 and My=5, ¥V k > k,

Ground Truth PMF PMF Estimate
0.03 T T 0.03 T T

0.025 0.025

0.02 0.02 |
w’ 0015 w0015 -
a a
0.01 0.01 .
0.005 0.005 ;
0 0
1800 1900 2000 2100 1800 1900 2000 2100
k(s] Kis)

Fig. 2. Average EoD PMF generated by using 30 different initial conditions for the prognostic stage. The proposed prognostic algorithm uses 45 particles
and a 5-kernel GMM. The Monte Carlo solution (“ground truth” Failure PMF) is computed using 135 particles during the filtering stage and 30,000
simulations for the prognostic stage. Monte Carlo solution is on the left, while the result of the novel prognostic algorithm based on sigma-points is
presented on the right.

Table 1
Comparison between the value of statistics computed from the “ground truth” PMF (Monte Carlo) and the expectation of statistics computed from the
results provided by the proposed prognostic algorithm (45 particles and a 5-kernel GMM).

Performance statistics

Obtained results E{} JITR,, JITR, JITR 54

Ground truth PMF (Monte 1976.2 1950.0 1957.0 1961.0
Carlo)

Expectations (proposed 1974.3 1969.3 1970.0 1970.7
algorithm)

Standard deviations (pro- 33.3207 33.7601 33.8745 33.6554

posed algorithm)
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Case 2: Ny=90 and M,=10, V k > kp.

Ground Truth PMF PMF Estimate
0.03 T T 0.03 T T
0.025} 1 0.025} ‘
0.02t1 1 0.02} .
w* 0015} {1 &« o015} :
a a
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Fig. 3. Average EoD PMF generated by using 30 different initial conditions for the prognostic stage. The proposed prognostic algorithm uses 90 particles
and a 10-kernel GMM. The Monte Carlo solution (“ground truth” Failure PMF) is computed using 135 particles during the filtering stage and 30,000
simulations for the prognostic stage. Monte Carlo solution is on the left, while the result of the novel prognostic algorithm based on sigma-points is
presented on the right.

Table 2
Comparison between the value of statistics computed from the “ground truth” PMF (Monte Carlo) and the expectation of statistics computed from the
results provided by the proposed prognostic algorithm (90 particles and a 10-kernel GMM).

Performance statistics

Obtained results E{-} JITR,, JITR oo, JITR 54

Ground truth PMF (Monte 1976.2 1950.0 1957.0 1961.0
Carlo)

Expectations (proposed 1960.9 1953.6 1954.7 1955.6
algorithm)

Standard deviations (pro- 27.9538 29.5070 29.3457 29.2393

posed algorithm)

Since the proposed prognostic algorithm assumes empirical distributions for the state vector (consisting of N, particles),
it is possible to state that the amount of kernels used to fit a GMM should not exceed N,. Consider, for example, the case
where we want to use a GMM of N, kernels to characterize the uncertainty inherent to a population of N, particles. We
could (for example) choose to center each kernel on a specific particle, although in that case we would not be able to adjust
the covariance matrices for each kernel because the resulting problem would be over parameterized (more parameters than
data). The problem would only become worse if we were to use more than N, kernels. On the other hand, the usage of just
one kernel would be optimal only if the underlying distribution were to be Gaussian. These two extreme cases give intuition
that there should be an optimal number of kernels M, such than 1 < M < N,,. For this reason, it is not possible to state that
results will necessarily improve by increasing the number of kernels in the GMM.
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Case 3: Ny=135 and My =15,V k > kp.

Ground Truth PMF PMF Estimate
0.03 T T 0.03 v v
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Fig. 4. Average EoD PMF generated by using 30 different initial conditions for the prognostic stage. The proposed prognostic algorithm uses 135 particles
and a 15-kernel GMM. The Monte Carlo solution (“ground truth” Failure PMF) is computed using 135 particles during the filtering stage and 30,000
simulations for the prognostic stage. Monte Carlo solution is on the left, while the result of the novel prognostic algorithm based on sigma-points is
presented on the right.

Table 3
Comparison between the value of statistics computed from the “ground truth” PMF (Monte Carlo) and the expectation of statistics computed from the
results provided by the proposed prognostic algorithm (135 particles and a 15-kernel GMM).

Performance statistics

Obtained results E{-} JITRy, JITR g, JITR 54

Ground truth PMF (Monte 1976.2 1950.0 1957.0 1961.0
Carlo)

Expectations (proposed 1949.0 1939.0 1940.3 1941.5
algorithm)

Standard deviations (pro- 40.4183 41.7583 41.8496 41,5732

posed algorithm)

Case 3 illustrate the effect of incorporating an excessive number of kernels in the GMM. Too many kernels provide a poor
characterization of the ToF PMF, considering that you only have a limited amount of particles that can be used to adjust
kernel parameters. Increasing the number of particles could help to adjust more parameters in the GMM, but it would also
decrease the algorithm computational efficiency. Using too few kernels in the GMM (i.e., too few parameters) may be
insufficient for proper characterization of the underlying state PDF, resulting in excessive simplification of the model and
poor approximations, as it can be seen in Case 1 (Table 1). Case 2 represents a delicate balance between number of kernels in
the GMM, number of particles and quality of results.

Although we present results of the proposed approach for very specific parameter configurations (Cases 1-3), mainly to
show its potential for the computation of prognostic risk measures, it is noteworthy that the algorithm design parameters
provide flexibility and applicability to a number of complex problems. Applicability, because our prognostic scheme is built
assuming a state-space representation of the system and a probabilistic characterizations of exogenous inputs. Flexibility,
because it is possible to easily adjust the manner in which the support of the true state PDF is explored by modifying few
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algorithm parameters. The usage of sigma-points requires to define specific parameters for adequate allocation of samples in
the state-space, whereas the (iterative) WEM algorithm needs adequate initial conditions and finishing thresholds. Fur-
thermore, independently of how precisely could the state vector PDF be approximated during the estimation stage, the
number of GMMs and weighted samples (obtained using sigma-points) plays a key role regarding the characterization of
future uncertainty. Consider, for example, the performance of the algorithm in terms of the number of kernels used in the
GMM. Results generated when using 5 or 15 kernels exhibited larger standard deviations for estimates of conditional ex-
pectations and JITPs, when compared to the case where 10 kernels were used. Even in Case 3, where 135 particles were used
to obtain empirical distributions, performance of the algorithm degraded because convergence issues in the WEM algo-
rithm, which was affected by an excess of kernels. Evidence indicates that there is an optimal number of kernels to be used,
although the quality of the obtained results (even in the worst cases) is in the order of 2.5% of error.

A procedure for setting up all these design parameters must be developed considering the mathematical formalism that
is related to the risk characterization provided by the ToF PMF definition presented in Section 3, which establishes a new
paradigm in terms of fundamental precision limits for ToF prognosis. This task is, in the meantime, part of future work.

6. Conclusion and future work

This paper presents a major correction to the manner in which the ToF PMF is computed and also to its interpretation in
the context of online monitoring. In this regard, the true probabilistic characterization for ToF is shown as a PMF which
accounts for the probability of failure of systems in general, including of course nonlinear systems and non-Gaussian noise,
or even systems presenting regeneration phenomena.

A novel algorithm for fault prognosis based on the use of sigma-points and GMMs has been also proposed. This new
algorithm represents and improvement with respect to other prognostic approaches based on PFs, for it provides a better
characterization of the tails of the underlying PDF of the system states and explicitly incorporates a probabilistic char-
acterization of the system inputs. Contrary to other approaches that depend on regularization techniques to characterize the
uncertainty associated with the predicted PDF, this method uses a combination of sigma-points (deterministically posi-
tioned in the state-space) and GMM-based approximations to propagate uncertainty and weights to properly characterize at
least the first two moments of the distribution. Performance assessment of the proposed algorithm, for the case of Li-lon cell
EoD prognosis analyzes and compares the predicted failure time PMF with respect to the one obtained using intensive
Monte Carlo simulation. Sensitivity analysis indicated that the quality of results provided by the proposed algorithm is
affected mainly by initial conditions for the prognosis stage (as any other prognostic scheme), as well as the number of
kernels used in GMM-based approximation (design parameter). Nevertheless, JITP , statistics for Li-lon cell EoD time show
negligible errors when compared to the prediction horizon (in the order of 1% for 976 time steps in prediction). The latter
allows to declare significant added value from our proposal in terms of its relevance for real-time risk assessment.

As future work we propose theoretical development of fundamental bounds that govern the estimation of the ToF PMF to
measure performance of prognostic algorithms, and also the establishment of rules, either online (adaptive) or offline, for
optimal parametrization of the proposed prognosis algorithm based on sigma-points.
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