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This paper  presents  an integral  technique  for designing  an  inferential  quality  control  applicable  to  multi-
variate  processes.  The  technique  includes  a self-validating  soft-sensor  and  a multivariate  quality  control
index  that  depends  on  the specifications.  Based  on  a partial  least  squares  (PLS)  decomposition  of  the
online  process  measurements,  a fault  detection  and  diagnosis  technique  is  used  to  develop  an  improved
self-validation  strategy  that is  able  to confirm,  correct  or reject  the  soft-sensor  predictions.  Model  extrap-
olations,  disturbances  or sensor  faults  are first detected  through  a combined  statistic  (that  considers  the
calibration  region);  then,  a diagnosis  is  made  by  combining  statistics  pattern  recognition,  contribution
analysis,  and  disturbance  isolation  based  on  historical  fault  patterns.  An off-spec  alarm  is  produced  when
artial least squares
elf-validating soft-sensor
ault detection and diagnosis
tyrene-butadiene rubber (SBR)

the  proposed  index detects  that  an  operating  point  lies  outside  the  integral  design  space  driven  by  the
specifications.  The  effectiveness  of  the  proposed  technique  is  evaluated  by means  of two  numerical  exam-
ples. First,  a  synthetic  example  is  used  to interpret  the  fundamentals  of the method.  Then,  the  technique
is  applied  to the industrial  Styrene-Butadiene  rubber  process,  which  is  emulated  through  an  available
numerical  simulator.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

In most industrial processes, the automatic control systems
or even the operators) adjust the manipulated variables with the
im of fulfilling several goals, e.g. to maintain the product quality
ithin specifications, to limit the waste or contaminating emis-

ions according to government regulations, and to keep the process
lose to an optimal operation condition that is normally established
rom both economical and technical point of views. An adequate
riving of the manipulated variables is clearly conditioned to the
vailability of accurate and fast measurements. Typically, the pro-
ess measurements are available from either online analyzers or
ffline laboratory equipments. Unfortunately, many important pro-
ess variables cannot accurately be measured in relatively short
imes, thus negatively affecting real-time control strategies. In

uch cases, soft-sensors can help to overcome the problem. A soft-
ensor is a mathematical code able to infer some unmeasured
ariables from a set of online measured variables. In the last years,

∗ Corresponding author at: INTEC (CONICET and Universidad Nacional del Litoral),
üemes 3450, Santa Fe, 3000, Argentina.

E-mail address: jlgodoy@santafe-conicet.gov.ar (J.L. Godoy).

ttp://dx.doi.org/10.1016/j.jprocont.2016.12.001
959-1524/© 2016 Elsevier Ltd. All rights reserved.
soft-sensor applications have brought significant attention in the
process industry [1–5]. In particular, several techniques based on
partial least squares (PLS) have been used for monitoring complex
industrial processes where the quality variables are important [6,7].

The efficiency of a soft-sensor as a predictive tool depends on
several factors, such as: i) the accuracy of the process model that
was used to derive the soft-sensor; ii) the proper adjustment of
the soft-sensor to the actual process operating point; and iii) the
availability of adequate online measurements. In general, process
disturbances and sensor faults can strongly modify the correlated
measurements, and therefore the quality predictions become unre-
liable. To overcome these difficulties, several strategies have been
reported in the literature [8,9]. For example, Liu et al. [8] proposed
a PLS-based soft-sensor with self-validation and reconstruction of
faulty readings that improve the reliability of the predictions. The
strategy consisted in an initial validation of the measurements prior
to predicting the quality variables through the soft-sensor. The
detection of a faulty sensor was  followed by a reconstruction of
the corresponding faulty readings; however, the identification of

the faulty sensors was not fully reliable [8,10].

A fault detection and diagnosis strategy applicable to multivari-
ate processes typically includes three main tasks: 1) the detection
of an anomaly or an out-of-control condition; 2) the classification

dx.doi.org/10.1016/j.jprocont.2016.12.001
http://www.sciencedirect.com/science/journal/09591524
http://www.elsevier.com/locate/jprocont
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jprocont.2016.12.001&domain=pdf
mailto:jlgodoy@santafe-conicet.gov.ar
dx.doi.org/10.1016/j.jprocont.2016.12.001
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f the fault that generated the abnormal behavior, and 3) the isola-
ion of the disturbed variables and ideally of the disturbing sources.
odoy et al. [11] proposed a PLS-based fault detection and diag-
osis technique for multivariate processes that assumes available
nline measurements of the quality variables. According to such
pproach, the projections of the process measurements onto the
atent space induce a PLS-decomposition of such measurements
nto four non-overlapped subspaces, and then, a combined index
an be used to detect the process anomalies. The technique allows
or an efficient anomaly classification as well as the identification of
he disturbed variables. The pattern of the statistics that compose
he detection index can be used to classify the anomaly type. How-
ver, no specification-dependent control limits were included for
hose statistics, as it is normally required for establishing quality
ontrol strategies.

Contribution plots are tools typically used for the identification
f sources of faults without requiring any prior fault information
7,10]. On the basis of a principal component analysis (PCA) model,
lcala and Qin [12] have proposed a reconstruction-based contri-
ution (RBC) technique to diagnose process faults. This technique

nherits the merit of traditional contribution plots and has a solid
heoretical foundation for detecting faulty sensors without smear-
ng problems. However, RBC is only useful to isolate those failed
ensors that do not cause the fault propagation to other variables,
hile it is ineffective for complex faults such as process faults and
isturbances [10]. On the other hand, the angle between the vec-
ors corresponding to the measurements and the fault signatures
as been used to isolate complex faults [2,13]. Generalized RBCs
ased on fault subspaces have also been used to isolate know pro-
ess faults [14], but need several faulty samples for extracting each
ault subspace. In contrast, the angular measures have the advan-
age of only requiring a single faulty sample of each know fault to
mplement the diagnosis stage. It has been proven that the diag-
osis results are the same for both approaches, because the ratio
generalized RBCs/detection index” is equal to the angular mea-
ure given by the squared cosine of the angle between the current
CA-projection and the faulty PCA-projection [10].

The role of design spaces (or multivariate specification regions)
s undoubtedly important in several processes, and aims at reduc-
ng statistical variations in the final product quality by design rather
han by inspection. The International Conference on Harmoniza-
ion Q8 (ICH-Q8) document [15] defines a design space as “the

ultidimensional combination and interaction of input variables
e.g., material attributes) and process parameters that have been
emonstrated to provide assurance of quality.” The current trend

s towards defining multivariate specifications in the low dimen-
ional subspace defined by a PLS model [16,17]. An integral design
pace should include a quality driven specification for the raw
aterials to be used in the process under certain operating con-

itions. Such specification will have to account for the inherent
ariability in the process and the combined effect of incoming
aterials with process conditions onto product quality [18].
Control of industrial polymerization processes is difficult due

o the lack of sensor devices capable of providing with accurate
nline measurement of most quality variables [19]. Currently, there
re several applications of soft-sensors in polymerization processes
e.g., Gonzaga et al. [20]). In particular, Godoy et al. [21] have
eveloped a PLS soft-sensor capable of monitoring the produc-
ion of Styrene-Butadiene rubber (SBR) in an industrial train of

 continuously-stirred tank reactors. However, the presence of
isturbances or sensor faults can turn unreliable the soft-sensor
redictions.
In this work, an integral technique for inferential quality con-
rol is presented. To this effect, a PLS model is used to define an
ntegral design space driven by quality specifications that accounts
or the relationships between incoming materials, process condi-
Fig 1. Inferential quality control with a self-validating soft-sensor. The soft-sensor
predictions (ŷ) are confirmed, corrected, or rejected by the proposed validation
strategy.

tions and product quality. Based on this integral design space, a
statistical index is proposed for quality control. Additionally, this
work presents a self-validation strategy for the inferences provided
by a soft-sensor that estimates quality variables in a multivariate
process (see Fig. 1). Such strategy is based on a fault detection and
diagnosis method previously designed for processes with online
measurable outputs [11], and includes: i) an extrapolation control
limit, ii) pattern analysis of the statistics that compose a fault detec-
tion index, iii) RBC analysis for the identification of the contributing
variables or faulty sensors, and iv) a disturbance isolation method
based on the angle differences between current measurements and
the historical disturbances. The proposed self-validation strategy
contributes to improve the soft-sensor inferences by adding a pro-
cedure able to alarm the presence of extrapolations, disturbances
or sensor faults, and to eventually correct faulty readings. The effec-
tiveness of the proposed integral technique for inferential quality
control is first demonstrated through a numerical example. Then, a
self-validation strategy is developed for the simulator of an indus-
trial SBR process; and in such a sense, the present work extends the
applicability of the soft-sensor developed by Godoy et al. [21].

2. Inferential quality control with self-validating
soft-sensor

For a given multivariate process, call x = [x1. . .xm]′ ∈ �m the
vector of online measurements and y = [y1. . .yp]′ ∈ �p the vec-
tor of quality variables. Both x and y are standardized vectors (i.e.,
mean-centered and scaled). Assume that N offline measurements of
each variable were collected while the process was operating under
normal conditions. Then, the following extended PLS regression
model can be derived [11]:

x = Pt + ∼
x, y = Qu + ∼

y, (1)

u = Bt + ũ , (2)

where {x̃, ỹ, ũ} are the model residuals, and the latent vectors t and
u are respectively calculated from x and y, as follows:

t = R′x, u = S′y. (3)

The matrices P, Q, R, S, and B, are obtained through the PLS-
NIPALS algorithm [11,22,23]. This technique implicitly assumes
that both x and y are online measured, and projects the mea-

surement vectors into low-dimension spaces defined by A latent
variables which are then regressed.

In this work we assume that the quality variables, y, are not
online available. On the basis of Eqs. (1), (2) and (3), it is possible to
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redict y from the current measurements x, through the following
nferential model (or soft-sensor):

ˆ
 = QBt  = QBR′x ∈ SMY , (4)

here SMY is the output model subspace. The multivariate specifi-
ation region (or design space) for the product quality is given by:

min ≤ y ≤ ymax, where ymin and ymax are the standardized spec-
fication limits. Then, the product quality is assumed in-control

rovided that: ymin + εy ≤ ŷ ≤ ymax − εy, where εy is the standard
alibration error.

.1. Multivariate quality control index

The geometric intersection of the specification region with the
utput model subspace SMY (spanned by Q) determines the effec-
ive specification region (or integral design space), given by the
ollowing polytope in u:

 = {u : Au ≤ b}, (5.a)

with

A
 ︸︸  ︷

I

−I

]
Qu ≤

b︷  ︸︸  ︷[
ymax − �y

−ymin − εy

]
. (5.b)

The integral design space in the process variables x (or the region
here the variables x are acceptable), isthe mapping of the y-

egion back into the x-space, i.e.: ABR
′
x ≤ b (see Eq. (5)). Then, the

squared) distance from a given projected point û = BR
′
x to the set

, is defined as the minimum distance between the point and every
lement in the set, i.e.:

(û, P) = min
u ∈ P

(
‖û − u‖2

)
, (6)

here û = Bt = BR
′
x is the prediction of u (see Eqs. (2) and (3))

nd d(û, P) = 0 for û ∈ P. The simultaneous assessment index (Eq.
6)) is proposed for accepting/rejecting the incoming materials and
rocess conditions given in x.

.2. Multivariate capability index

It has been proven [11] that the Mahalanobis distances com-
uted from x̂, t, û, and ŷ are equivalent, i.e. D

x̂
= T2

t = T2
u = D

ŷ
. In

articular, the Mahalanobis distance of t (T2
t = t

′
�−1t) is equiva-

ent to the generalized Mahalanobis distance of ŷ

(
D

ŷ
= ŷ

′
R−

ŷ
ŷ

)
,

nd in combination with Eq. (3) one has:

2
t = x′R�−1R′x = û′

�−1û = ŷ′R−
ŷ ŷ = Dŷ (7)

here Rŷ = Q�Q′ is the correlation matrix of ŷ, � = B�B is the cor-
elation matrix of û, and � = diag(�1...�A) is the correlation matrix
f t = [t1· · ·tA]

′
. Eq. (7) suggests that the behaviour of y can be mon-

tored from the available measurements x, i.e. the deviation of the
redicted quality vector ŷ can be measured through T2

u = û′
�−1û.

hen, for inferential quality control, such measure can be compared
o a limit that depends on the specifications.

A multivariate control limit modified by the specifications can
e defined as the K2 constant density contour with generating
atrix � (i.e., u

′
�−1u = K2) and with the greatest volume entirely
ontained inside the effective specification region P, described by

q. (5). The volume of the ellipsoid E =
{

u = K�1/2z : ‖z‖ ≤ 1
}

s given by: vol (E) = |K2�|1/2�A/2/� (A/2 + 1), where � is
s Control 50 (2017) 56–65

the Gamma  function. Thus, log vol (E) = 1/2 log |K2�| + constant.
Hence, the K2 control limit can be computed by means of the fol-
lowing convex optimization problem in K [24]:

max  log vol(E) ≡ max  log(K)

s.t. E ⊆ P s.t. K > 0,

‖K�1/2ai‖ ≤ b (i) , i = 1, . . .,  2p

≡ min  log(1/K)

s.t. K > 0,

K2a
′
i�ai ≤ b(i)2, i = 1, . . .,  2p

(8)

where a
′
i is i-th row of A and b(i) is the i-th element of b (see Eq.

(5)). Then, a multivariate capability index (MCP) can be defined as
the ratio of the effective tolerance region volume to the process
region volume, i.e.:

MCP =
vol

(
u

′
�−1u ≤ K2

)
vol

(
u ′ �−1u ≤ �2

˛

) =
(

K2

�2
˛

)A/2

, (9)

where the numerator is an ellipsoidal volume given by:(
K2

)A/2|�|1/2�A/2/� (A/2 + 1), and �2
˛ is the confidence limit of the

T2
u statistic. The process will be accepted as capable when MCP ≥ 1.

2.3. Validation of the predictions

The predictive ability of the inferential model of Eq. (4) depends
on both the plant-model match and the quality of the current mea-
surements, x. In this approach, both the measurements and the
process will be checked by means of a fault detection index that is
computed prior to validate the prediction of y.

For new data x, the prediction uncertainty of the PLS model
(Eq. (4)) is related to both T2

t and the calibration region (that
covers the calibration data). To perform a reliable test of extrap-
olation, the region covered by the calibration data in the model
subspace is first determined. The ellipsoid of minimum volume

E =
{

t : t
′
�−1t/�2 ≤ 1

}
that contains the projected calibration

points ti = R
′
xi (i = 1, . . .,  N) can be computed by solving the fol-

lowing convex problem [24]:

min  log(�)

s.t. � > 0,

‖�−1 �−1/2ti‖ ≤ 1, i = 1, . . .,  N.

(10)

Then, the �2 density contour of T2
t can be used for extrapolation

testing. A value T2
t /�2 > 1 suggests that at least one x-variable lies

out of the calibration region. Therefore, the use of �2 (instead of �2
˛)

improves the reliability of the extrapolation test.
The PLS model induces the following decomposition of the sam-

pled data, x [11]:

x = x̂ + ∼
x ∈ �m, x̂ = PR

′
x ∈ SMX,

∼
x =

(
I − PR

′)
x ∈ SRX, (11)

where x̂ is the oblique projection of x onto the model subspace SMX

along residual subspace SRX , and x̃ is the oblique projection of x

onto SRX along SMX . Note that x̂ can also be written as x̂ = Pt.
For a process with online measurable x and y variables, one can

define a combined index able to efficiently monitor the whole mea-
surement space, with a reduced probability of both false alarms

and undetected faults. This combined index is a balanced merging
of several scaled metrics that includes a Mahalanobis distance for
considering the process correlations and three Euclidean distances
to the correlations model.
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When the process outputs y are unavailable online, then the
ombined index established by Godoy et al. [11] must be restricted
o only include the online measurements, x; i.e.:

C (x) = T2
t

�2
+ SPEx

ı2
x, ˛

= IMX (x) + IRX (x) = x′˚x , (12.a)

with

 = 1
�2

R�−1R
′ + 1

ı2
x, ˛

(
I − PR

′) ′ (
I − PR

′)
, (12.b)

here  ̊ is a symmetric positive-definite matrix, SPEx is the
quared prediction error (SPE), and ı2

x, ˛ is the confidence limit of
he SPE statistic. The index defined in Eq. (12) differs from the orig-
nal one in the scale of T2

t [11]; in fact, the original confidence limit
2
˛ has been replaced by the model extrapolation limit �2. Note that
C simultaneously considers the entire input space �m = SMX + SRX

nd the output model subspace SMY . For this reason, we propose
he use of the IC index to develop a self-validating strategy able to
onfirm (or reject) the soft-sensor predictions (Eq. (4)). The control
imit (at confidence level �), I˛, is estimated via the kernel den-
ity estimation (KDE) approach [25–27]. The inferential model of
q. (4) is positively validated when IC < I˛, while the predictions
re no longer reliable when IC ≥ I˛. In this last case, it is neces-
ary to diagnose the anomaly type that is present in the process
an extrapolation or an abnormality). IMX and IRX (in Eq. (12)) are
he normalized statistics that compose IC and measure variations
n SMX and SRX , respectively; then the potential extrapolation can
e monitored through IMX while the sensor faults and the process
bnormalities are monitored through IRX .

An alternative approach for validating predictions of a soft-
ensor has been used by Liu et al. [8], by adding confidence intervals
CIs) to the PLS-predictions to ensure the reliability of the incom-
ng measurements x. In absolute units, the uncertainty in the j-th
rediction corresponding to a new sample x was calculated as [8]:

�̂
2 (

yj − ŷj

)
= �̂

2 (
yj

)[
1 + x

′
R�−1R

′
x/(N − 1)

]
= �̂

2 (
yj

)  [
1 + T2

t /(N − 1)
] (13)

here �̂2(yj) is the yj-variance estimated in the set of N sam-
les collected. Then, the (1 − �) CI of the new j-th prediction
hrough the PLS model is given by: CIj = ±t˛/2,N−m�̂(yj − ŷj), where

˛/2,N−m is a t-distribution with N-m degrees of freedom. Hence,
q. (4) is not suitable for predictions outside the CIs, i.e. when

ˆ2
j

> t2
˛/2,N−m

�̂2(yj − ŷj) (j = 1. . .p). Note that the CIs depend only

n the statistic Tt
2 in SMX (see Eq. (13)); while the index IC (Eq.

12)) is a complete measure of variability in x, which simultane-
usly consider both subspaces SMX and SRX . Also, for a well-adjusted
LS model, the sensor faults and disturbances mainly affect SRX [11].
n principle, the IC-based validation would be more reliable than the
pproach based on CIs. Also, the IC-based validation would be more
eliable than the monitoring method by Masuda et al. [9]. This last
ethod includes the soft-sensor predictions in the fault detection

trategy, but such predictions do not add new information (see Eq.
7)).

.3.1. Abnormality diagnosis
The diagnosis method proposed in this work combines statis-

ics pattern recognition, contribution analysis, and disturbance
solation. Godoy et al. [11] established that: i) the process upset
oints are characterized by high IMX and negligible IRX, ii) correla-

ion changes (or disturbances) and sensor faults are characterized
y negligible IMX and high IRX, and iii) sensor faults can be
istinguished from correlation changes through an appropriate
ontribution analysis.
s Control 50 (2017) 56–65 59

Fig. 2 shows the proposed validation strategy. In the normal
case, i.e. when IC (x) < I˛, the soft-sensor predictions are auto-
matically validated. By contrast, an abnormality is first detected
when IC (x) ≥ I˛; and then it is classified on the basis of IMX and
IRX contribution patterns as: i) a model extrapolation (type 1), ii) a
sensor fault (type 2), or iii) a correlation change (type 3). Accord-
ing to the resulting type, the process upset, the faulty sensor or the
incoming disturbance must be identified. An abnormality of type 1
indicates a low predictive capability due to a model extrapolation,
and therefore the predictions are not fully reliable. In particular,
an abnormality of type 2 can be compensated by a proper recon-
struction of the faulty reading. In contrast, an abnormality of type
3 indicates a low predictive capability due to a plant-model mis-
match; as a consequence, the soft-sensor predictions are not fully
reliable and the incoming disturbance should be identified through
some independent procedure.

Consider the case of a fault classified as type 2. First, the faulty
sensor is identified by contribution analysis (see Section 2.3.1.1).
Then, the true reading of the faulty sensor can be reconstructed
from the remaining reliable readings, as follows [8]:

xr = xr
f + (I − diag(�))x, (14)

with

xr
f = −((I − diag(�))˚)−(I − diag(�))˚(I − diag(�))x,

where diag(�) is a diagonal matrix with elements equal to one
for the faulty sensors and zero for normal sensors. Then, the y-
prediction (Eq. (4)) is performed without the influence of the faulty
readings using xr . The reconstruction of Eq. (14) attenuates the
disturbing effect of wrong measurements on the model predictions.

2.3.1.1. Contribution analysis for isolating faulty sensors.
Contribution plots are frequently used to isolate the detected faulty
variables without using historical fault patterns [10]. In this work,
the RBC was adopted due to its diagnostic reliability when  ̊ > 0
(see Eq. (12)) [10,12]. In a process with m sensors, the fault direction
in the i-th sensor is described by �i = [0·  · ·1· · ·0]

′ ∈ Rm (i.e., zeros
entries except for the i-th location that takes a unitary value). Then,
the contribution of the wrong measurement xi to the fault detection
index IC , RBCi, is the amount of reconstruction along �i, given by
[12]:

RBCi = (fi �i)
′
˚(fi �i) =

(
�

′
i˚x

)2

�
′
i˚�i

, (15)

where fi =
(

�
′
i˚�i

)−1 (
�

′
i˚x

)
is the magnitude of the fault and

IC (x) = IC (x − fi�i) + RBCi. Even in the absence of faults, the RBCs of
the sensors are different. Then, it is advisable to use a control limit

for each RBCi, as given by [12]: ıi =
(

�
′
i˚Rx˚�i

)  (
�

′
i˚�i

)−1
�2

˛ (1)

(i = 1. . .m).  A fault in the i-th sensor (fi�i) does not propagate to other
measurements, thus a significant RBCi directly identifies the faulty
sensor. By contrast, a disturbance can propagate to other variables
by affecting the correlation pattern of x. This effect induces several
significant contributions that prevent a direct isolation of the root
cause.
2.3.1.2. Disturbance isolation.
Consider in what follows a graphical interpretation of a disturbed
measurement x (or anomaly Type 3). In such case, x deviates from
the model subspace SMX , and the angles between x and the oblique
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Fig. 2. The proposed va
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ig. 3. PLS-decomposition of the measurement vector x in two oblique subspaces
SMX and SRX ). The angles 	mod and 	r can be used to characterize the disturbance.

ubspaces SMX and SRX could be used to characterize the event (see
ig. 3). Such angles are calculated as follows:

mod = cos−1

(
x̂

′
x/‖x̂‖‖x‖

)
, 	r = cos−1

(
∼
x

′
x/‖∼

x‖‖x‖
)

, (16)

here the projections of x onto the model and residual subspaces
x̂ and x̃,  respectively) are oblique, i.e.: x̂′x̃ /= 0 (or 	mod + 	r /= 90◦).

We  propose to isolate the disturbances on the basis of the angu-
ar measures. More specifically, we will use the cosine of the angle
etween a current projection x̂ (x̃) and a known abnormal pro-

ection x̂i (x̃i); i.e., cos 	̂i =
(

x̂′x̂i

)
/‖x̂‖‖x̂i‖ (cos 	̃i =

(
x̃′x̃i

)
/‖x̃‖‖x̃i‖),
here {x̂i ∈ SMX }i=1,...,l and {x̃i ∈ SRX }i=1,...,l are the l known distur-
ances projected on both subspaces. Thus, when the absolute value
f the i-th cosine is close to one, then the current projection x̂ (or
lidation strategy.

x̃) tends to be collinear with the i-th abnormal projection x̂i (or x̃i).
Hence, a disturbance can be isolated as follows:

id = arg
i=1...l

[
max

(
cos 	̂i cos 	̃i

)]
,

s.t. | cos 	̂i| > 
, | cos 	̃i| > 

(17)

where the threshold 
 < 1 restricts the acceptance region to
± cos−1 
. This threshold generates conical acceptance regions that
are collinear to x̂i and x̃i (i = 1,. . .,l).

Note that this method requires a prior knowledge of the set of
candidate disturbances. The disturbances samples can be obtained
through plant tests, a mechanistic model or historical disturbance
data.

If a sensor (involved in x) is included in a closed-loop control
strategy, then a simple fault originated in such sensor will affect
the correlation structure. Therefore, such fault becomes complex
[11], and can no longer be identified by contribution analysis. In this
case, the proposed disturbance isolation should be used to identify
the sensor fault.

3. Simulation examples

Consider in what follows two  simulation examples chosen for
evaluating the proposed strategy of inferential quality control with
self-validating soft-sensor.

3.1. A synthetic example
Consider a hypothetical process with 3 quality attributes
arranged into the vector y’ = [y1, y2, y3], which are correlated to 7
process variables arranged into the measurement vector x’ = [x1 . . .



J.L. Godoy et al. / Journal of Proces

Fig. 4. a) Specification region containing the effective specification region. b) Scat-
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er  plot of the projected calibration data, effective specification region containing
he maximum volume ellipsoid (K2 density contour), and �2 density contour for
xtrapolation testing.

7]. The x and y vectors were generated according to the following
odel [28]:{
t∼N(0, �), � = diag(1.4, 0.8)

u = t + εu, εu∼N
(

0, 0.0052I2
)

,{
x = P t + εx, εx∼N

(
0, 0.012 I7

)
,

y = Q u + εy, εy∼N
(

0, 0.012 I3
)

,

(18)

with

 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.4045 0

0 0.7906

0.5394 0.1581

0.2697 −0.1581

0.1348 −0.3162

0 0.4743

0.6742 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

, Q =

⎡
⎣ 0.8018 0.4472

0.5345 0

0.2673 −0.8944

⎤
⎦ .

Three hundred samples were generated with Eq. (18) under nor-
al  operating conditions (NOC) for calibration of the PLS-based

oft-sensor. Such NOC data were then mean-centered and scaled to
nit variance, and a PLS model with two latent variables was iden-
ified. The following standardized specifications for y was defined:
3.5 ≤ y1 ≤ 3.5, −2.5 ≤ y2 ≤ 2.5, −2.8 ≤ y3 ≤ 2.8. Fig. 4(a) shows

he collected process observations, the standardized specification
egion, and the PLS-projection plane (SMY ) spanned by the columns
f Q. The effective specification region is the intersection of the
ypercube with SMY . Note that the variability of the calibration
ataset can exceed the quality specifications. In the reduced space
u1, u2) obtained from u = S′y (see Eq. (3)), Fig. 4(b) shows the

argest K2 (=6.1436) density contour (dashed line) that is contained
n the effective specification region. Fig. 4(b) also shows the �2

=12.0486) density contour covering the calibration points, where
 > K; and hence, some calibration points are outside of the K2
s Control 50 (2017) 56–65 61

contour. On the contrary, when � < K , the specifications must be
contracted in order to reach (at least) � = K . In this case, the new
specification limits can be computed by means of the following
convex optimization problem:

min  ‖s‖2

s.t. s(i) ≥ 0,

‖� �1/2ai‖ ≤ b (i) − s (i) , i = 1, . . .,  2p

(19)

where s represents the shrinking in each specification required to
ensure that the calibration region is included in the new specifica-
tion region.

The simulated abnormal measurements were of the form:

x = x∗ + f �, (20)

where the sensor fault was  featured by its magnitude f and its
direction �, and the fault-free part x∗ was generated according to the
model of Eq. (18) or by modifying the correlation pattern. The faulty
samples (Eq. (20)) were standardized on the basis of the mean and
variance of the NOC data. The hypothetical process was  disturbed
according to four abnormal scenarios: a) an abnormality of type 2
(or sensor fault) was simulated with f � = [0.1 0 0 0 0 0 0]

′
; b)

an abnormality of type 3 was  simulated by modifying the correla-
tion structure of x as follows: x = (P + �P)t  + εx, where �P(:, 1) =
0 and �P (:, 2) = [0 0.4 0 0 − 0.1 0.2 − 0.2]

′
(see Eq. (18)); c)

an abnormality of type 1 was  simulated by shifting the aver-
age operating point of t = [0 0]

′
to [3.5 3.5]

′
(see Eq. 18); and

d) an off-spec operating was simulated by shifting the aver-
age operating point of t = [0 0]

′
to t = [3.2 − 1]

′
, resulting the

average prediction of ŷ2 (=2.496) very close to its upper specifica-
tion limit y2,max(=2.5). The abnormalities were maintained along
the following temporal ranges: 11–20, 31–40, 51–60, and 71–80,
respectively.

Fig. 5 shows the time evolutions of the combined detection index
and its component statistics, and of the inferential quality control
index. The alarm condition is triggered at a given sample k, when IC
overpasses the 100(1-�)% confidence (control) limit I˛. As it can be
seen, IC is effective for detecting all simulated abnormalities. The
patterns of alarmed component statistics recorded in Fig. 5 allowed
an efficient characterization of each fault type and are used to start
the diagnosis (Fig. 2). Fig. 6 shows the RBC of x1, . . .,  x7 to the fault
detection index IC . The contributing variables are clearly identified.
In particular, the main contribution of x1 at k = 11 unambiguously
identifies the sensor failure. Then, a high value of IRX at k = 31 (Fig. 5)
together with three significant RBCs (Fig. 6) successfully identify an
anomaly of type 3 (as a disturbance, in this case). Finally, a high IMX

at k = 51 (Fig. 5) successfully identifies an anomaly of type 1, which is
an operating point in extrapolation region. In addition, Fig. 5 shows
an alarm of off-spec operation during the time interval 71–80, and
it is identified by a quality control index d(û, P) greater than zero,
while the IC is in-control.

Notice that the rate T2
t /K2 (where T2

t = T2
u and K2 is the multi-

variate control limit modified by the specifications) is a measure
more conservative than d(û, P) for quality control (see the false
positive and true positive alarms in Fig. 4b). However, the contribu-
tions to the index T2

t /K2 are useful for determining an appropriate
corrective action.

It is important to note that while quality attributes can be cor-
related, specifications are normally independently imposed. Such
practice can potentially result in tolerances that are narrower than
acceptable quality ranges. The analyzed process was incapable with

a MCP = 0.6524. Then, to get a capability index near of one, Eq.
(19) can be used to compute relaxations s of the original limits,
but replacing the last constraints by the followings: ‖� �1/2ai‖ ≤
b (i) + s (i), i = 1, . . .,  2p. Fig. 7 shows the new effective specifica-
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Fig. 5. Time evolutions of: i) the combined detection index IC; ii) the statistics IMX and IRX that compose IC (where a significance level of 1 was adopted [11]); and iii) the
inferential quality control index (i.e., the distance from incoming x to the set P).
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Fig. 6. RBCs of the x components

ion region (i.e. the extended region) with a MCP = 1.2795 and a
2 = K2 density contour.

.2. Inferential quality control of the industrial SBR process

The industrial Styrene-Butadiene Rubber (SBR) is normally pro-
uced through an emulsion polymerization process that is carried
ut in a train of 7 ∼ 15 continuously-stirred tank reactors oper-

ted under isothermal conditions. A detailed mathematical model
f the SBR polymerization process that was adjusted to reproduce
he main process variables recorded in an industrial plant has been
ublished [29]. The model has successfully been used for determin-
 sample times k = 11, 31, and 51.

ing optimal steady-state process conditions [30], for minimizing
the off-spec produced between steady-states [31], and for deter-
mining global optimization procedures that maximize the rubber
production and minimize the transients between steady-states
[32]. More recently, Godoy et al. [21] developed a PLS model for
representing the same industrial SBR process carried out in a train
of 7 operative reactors, and then derived a PLS-based soft-sensor
capable of monitoring the main production and quality variables. In

this sense, the model of the SBR process has extensively been stud-
ied, and therefore we will here assume that such model acceptably
represents the industrial process.
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Fig. 7. New effective specification region containing the �2 density contour.

Fig. 8. Quality control in the SBR polymerization process with a self-validating soft-
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(d , d , d , d ) have successfully been detected.
ensor. The soft-sensor predictions (ŷ) are confirmed, corrected, or rejected by the
roposed validation strategy.

An inferential quality control of the SBR process was simulated
ased on the PLS model [21]. The following variables were moni-
ored in the last reactor of the train: the mass conversion (x), the
olids fraction (xsol); the fraction of styrene linked to the copolymer
pS), the average particle diameter (dp), the mass production (G),
he number (Mn) and weight (Mw) average molecular weights, and
he average number of tri- and tetra-functional branches (Bn3, Bn4).
he upper part of Fig. 8 schematizes the industrial SBR polymeriza-
ion process, where the output vector at the last reactor of the train
s: y

′ =
[
x, xsol, pS, dp, G, Mn, Mw, Bn3, Bn4

]
(9 × 1). The prediction ŷ

s obtained from the measurement vector x
′ =

[
f

′
m q

′
m

]
(15 × 1),

here fm (8 × 1) contains the molar flow rates of reagents incorpo-

ated into the first reactor of the train, while qm (7 × 1) contains the
eaction heat rates in each reactor. The measurements are affected
y additive random errors, �f and �q. Vectors fm and qm are built as
s Control 50 (2017) 56–65 63

follows: f
′
m = [FS, FB, FW , FI, FFe, FRA, FE, FX ], where the subscripts

indicate the reagents: S (styrene), B (butadiene), W (water), I (ini-
tiator), Fe (ferrous sulfate), RA (reducing agent), E (emulsifier), and
X (chain transfer agent); and q

′
m =

[
Q 1

R . . .Q 7
R

]
, where superscripts

indicate the reactor number. The effective flows entering into the
first reactor are obtained from the original flows f disturbed by
possible alterations in their purities d. Also, the actual plant can
be disturbed by an undesired oxygen inlet (FO2) that acts as an
inhibitor of the reaction, and by a varying heat exchange with the
environment (QEX). The presence of such disturbances can clearly
turn unreliable the soft-sensor predictions.

Godoy et al. [21] showed that the molar flow rates of the
initiation system (FI , FFe, and FRA) have negligible effects on the
soft-sensor predictions. For this reason, such measurements were
excluded from x, which leads to the following optimal input vec-

tor: x =
[

f
′
m q

′
m

] ′
(12 × 1), with fm = [FS FB FW FE FCTA]′ (5 × 1).

The three excluded flow rates should be monitored separately in
order to supervising their values. The number of latent variables
retained in the PLS model was 8. To calculate the control limit K2,
the tolerances of the 9 quality variables at the train output were
considered to build the tolerance hypercube in �9. Then, �2 = K2 is
adopted for this study case.

The sensors considered in this work for measuring molar flow
rates of reagents (fm) and reaction heat rates (qm) are not included
in any closed-loop control strategy. For this reason, any failure orig-
inated in those sensors will not affect the operating point. The
soft-sensor in Fig. 8 produces a correct prediction in absence of
sensor faults, provided that the disturbances (d, FO2, QEX) are not
significant. In fact, type 2 abnormalities do not alter the actual oper-
ation of the process, but the predictions are erroneous due to faulty
readings in x. This undesired effect is attenuated by means of the
reconstruction of x (Eq. 14). In contrast, the type 3 abnormalities
modify qm while the measurements of fm remain constant. Due to
this correlations change, we  cannot ensure reliable output estima-
tions, but we can isolate the actual disturbance.

In particular, changes in the purity of the fed reactants (distur-
bance d) modify only the reaction heat rates qm along the reactor
train (see Fig. 8). To isolate these abnormalities (Section 2.3.1.2.),
the set of known disturbances was obtained by simulating distur-
bances of 5% in S, B, I, and RA, and 10% in Fe. Also, the faulty samples
xi are recorded under steady state conditions. Fig. 8 shows the angu-
lar location (	mod , 	r) of each disturbance sample xi in relation to
SMX and SRX (see Fig. 3) with its acceptance region (dotted line).
Fortunately, a large separation (larger than 2cos−1
) is obtained
between the regions. Note that the sensor faults exhibit 	mod ≈ 90◦,
because only one measurement is significantly moved away from
SMX , and their locations do not overlap with the acceptance regions.
The recipe includes RA in excess for a better performance of the
initiation process [32]. Thus, disturbances greater than 30% affect
the steady-sate performance, and hence its isolation is unimpor-
tant. Note that the angular pattern of the disturbance of 5% in RA
is inside the normal zone (Fig. 9). Overall, the disturbances d have
different angular locations (	mod , 	r) without overlapping either
their acceptance regions or the normal zone. Therefore, the pro-
posed method (Eq. 17) is sufficiently specific to isolate the analyzed
disturbances.

Fig. 10(a) shows a disturbance dS that is not detected by the asso-
ciated reading FS (see Fig. 10(b)); however, it affects some reaction
heat rates (e.g., the QR

1 measurement, Fig. 10(c)). Fig. 10(d) shows
that the proposed index successfully isolates the simulated distur-
bance after the process stabilization. Other simulated disturbances
S B I FE

Type 1 abnormalities were also simulated to evaluate the per-
formance of the proposed technique for inferential quality control.
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Fig. 9. Angular location (	mod , 	r ) of the pattern samples xi with their individual acceptance regions (subscript i = {1,2,3,4,5} corresponds to {S, B, I, FE,  RA}, respectively).
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ig. 10. a) Disturbance in S, dS. b) Reading of the S-feed flow rate, FS. c) Reading o
etecting a disturbance in S from the sample time 140, approximately.

o this effect, the operating point of the SBR process was moved
o several other operating points that yield off-spec product. In
articular, production increments and decrements were simulated
y proportionally increasing (or decreasing) the molar flow rates
such practice is not recommended however, because it can yield
ff-spec product). Although not shown, all the simulated abnormal
perating points have been successfully detected and diagnosed.

. Conclusions
An integral technique for inferential quality control with self-
alidation of the predictions was presented. The technique uses the
LS model to define an integral design space driven by quality spec-
eaction heat rate in the reactor 1, QR
1. d) Time evolution of the isolation index id ,

ifications, which is useful to evaluate the impact of both incoming
materials and process conditions onto the product quality. Based
on this integral design space, a new index for inferential quality
control was defined and successfully evaluated. The proposed self-
validation strategy uses PLS-decomposition of the measurements
for a simultaneous supervision of model extrapolation and process
condition through a combined detection index, which includes a
multivariate control limit (that depends on the calibration data).
This improved self-validation strategy is able to: i) detect and diag-

nose process faults, ii) automatically correct some particular types
of faults, and iii) confirm the estimated variables when no fault is
detected or generate an alarm about their unreliability when the
detected fault cannot be automatically corrected.
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Through numerical simulations, the effectiveness of the tech-
ique was successfully evaluated for the quality control of the

ndustrial SBR process. Measurements of reactant flows and reac-
ion heat rates were used as inputs for the inferential control of
he main production and quality variables. Flow rate disturbances,
ensor faults, and abnormal operations were simulated to test the
trategy. All simulated scenarios were adequately detected and
iagnosed. The proposed index allows the inferential control of the
uality regarding the specifications, in contrast to most techniques
hat perform control with regard to the variability of historical
ata. The proposed method is able to isolate feed disturbances
nd enables the implementation of preventive actions that avoid
ff-spec products. Therefore, the current PLS strategy might be
ncluded in a supervisory control technique of the SBR process,
specially when control decisions are deployed infrequently.
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