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Abstract—This paper aims at providing a framework for detection and diagnosis of the performance of a combina-
tional feedforward (FF) and cascade (CC) control system. It is the extension of our previous work [1,2]. The main idea
is to extract the only CC effect and the combination of FF with CC effects, respectively. In the only CC effect, the out-
put variances of the primary and the secondary loops can be turned into the cascade-invariant and cascade-dependent
terms, respectively. The combination of FF with CC effect can also be decomposed into the cascade/feedforward in-
variant term, the cascade-invariant/feedforward-dependent term and the cascade/feedforward dependent term. The di-
agnosis tree based on these decomposition terms is proposed to assess the performance of the FF/CC control system.
The sequence of the statistical inference system is developed to diagnose fault causes. The capability of the proposed
method is demonstrated via a cascade control system with the feedforward loops and multiple faults.
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INTRODUCTION

Performance monitoring methods of chemical plants can con-
siderably help obtain upgraded and condensed information from
the operation control system to support process safety, operation
profitability, and delivery of consistently high quality, etc. It is partic-
ularly important as the complexity of chemical process systems has
increased. The regular estimation of the control performance can
be used to monitor and evaluate how likely it is to improve control
performance [3]. The most common techniques are the stochastic
minimum-variance methods whose current control performance is
compared to a type of achievable performance, minimum variance
control. A variety of control applications based on the minimum
variance benchmark have been developed, including feedback con-
trol [4], feedforward/feedback control [5], multiloop control [6],
model-based control [7], and cascade control [8,9].

The performance assessment using the minimum variance con-
trol (MVC) is attractive as it is easy to use. Also, it requires only
normal, closed-loop operation data and knowledge of the process
time delay. However, assessing whether current output variance is
significantly deviated from the benchmark variance only shows the
current performance monitoring. It only indicates the poor perfor-
mance in the control loop. It does not find out and remove the fault
causes associated with the performance degradation. The degraded
performance may come from severe disturbance changes or a sig-
nificant change in the dynamic plant characteristics. If the deterio-
ration of the controlled performance cannot be identified in time,
unwanted variances would prevent the operating processes from
achieving their true process capability. Stanfelj et al. [10] monitored
the cause of the poor performance of the feedback and the feedfor-
ward system via a decision tree structure with small perturbation in
the setpoint. A data-driven method combined with the prior pro-

"To whom correspondence should be addressed.
E-mail: jason@wavenet.cycu.edu.tw

379

cess knowledge was applied to exploring the root cause [11]. Yea
and Chen [1,2] divided the controlled output variance into the con-
troller invariant term and the controller dependent term for a feed-
back control system and a feedforward control system. Then the
statistical inference is applied to the above two terms to build up a
diagnostic reasoning tree that could locate and remove the root causes.
This article focuses on the combinational feedforward (FF) and
cascade (CC) control loop. The control structure is often used in
the propene rectification tower of a naphtha cracking plant. The com-
bination of FF and CC control is often used to eliminate the loss of
the high value of propene in the outlet of the C3LPG stream. The
FF controller rejects the inlet of the feed flow rate disturbances. The
disturbances directly affecting the product quality are compensated
by cascading the composition controller to a C3LPG flow controller.
The secondary controller of the inner loop allows rapid rejection or
reduction of the steam pressure disturbances before the disturbances
effects spill over to the composition control of the primary loop,
resulting in little effect on the output composition. Although the
combination of the FF and CC control structure is commonly used
in industries, the control performance has not yet been evaluated.
In this paper a methodology for the performance detection and diag-
nosis of the FF/CC control structure is developed. Like the perfor-
mance analysis of the feedback control [10], the primary and the
secondary output variances of the FF/CC control structure can be
separated into the controller invariant terms and the controller depen-
dent terms, respectively. Any fault in the FF/CC control loops might
affect either or both of the controller invariant terms and the con-
troller dependent terms of the primary and the secondary output
variances for the unmeasured disturbances and the measured dis-
turbances. Using these terms as performance fingerprints, a new
diagnostic methodology for the FF/CC control system is proposed.
The rest of the paper is structured as follows. The second section
defines the diagnosis problem of the feedforward/cascade control
(FE/CC) system. The proposed fault diagnosis method is based on
the output variation, and the performance assessment of FF/CC sys-
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tem is also derived. Then the diagnostic reasoning tree of FF/CC
using impulse response analysis to detect the fault sources is derived
in Section 3. A simulation cascade control system with two feed-
forward loops is demonstrated to explore the diagnosis of the more
complex control structure based on the controlled output variances
in Section 4. Finally, the conclusions are made.

PERFORMANCE BOUND
OF FEEDFORWARD/CASCADE SYSTEMS

The block diagram of a FF/CC control system shown in Fig. 1
consists of a cascade control with multiple feedforward variables.
The cascade control structure has two control loops. The inner (or
the secondary) loop is embedded within an outer (or primary) loop.
yi(k) and y,(k) are the process outputs of the primary and the sec-
ondary loops at the sampling time k. The process contains two com-
ponents G,,(k) and G,(k). G, (k) and G,(k) are unmeasured dis-
turbances (wi(k) and w;(k)) to the primary output and the second-
ary output, respectively. The goal of CC is to make y,(k) reach the
set point as long as there are constraints on y,(k). The inner-loop
controller, Gc.(k), is used to regulate the constrained output y,(k).
Ge.(k) is tuned to avoid overshooting of the constrained variable
y,(k). The outer-loop controller, G (k), is tuned to regulate the out-
put y,(k) to its set point. G, ,(k), =1, 2, ..., M and G, (k), i=1, 2,
..., N are measured disturbances to the primary and the secondary
output, respectively. The goal of FF controllers (GZ »=L 2,
M and G{:_,, i=1,2, ..., N) is to compensate for entering measured
disturbances from the primary loop (w7 (k), j=1, 2, ..., M) and from
the secondary loop (w5 (k), i=1, 2, ..., N). Here the disturbances
are a sequence of zero mean independent distribution with constant
variance. u,(k) and u,(k) are the controller outputs of G,(k) and
Ge.(k). When the primary setpoint is constant, the closed-loop re-
sponses ({y,(k)} and {y,(k)}) to the unmeasured disturbances, and
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Fig. 1. A cascade control/feedforward system.
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The detection and diagnosis procedures will analyze the measured
output data (y,(k) and y,(k)) and find out the fault causes when the
process faults occur. Assume G, and Gy, can be represented by G,
=G,q """ and G,.=G.q """, where f, i=1, 2, are the time delays
and G}, i=1, 2 are the process models without any time delay. Also,
G, and G, , arerepresented by G, ,=(G..) q " and G, =(G.))’

Y Wwhere l,; and [, are the time delays of the measured distur-
bances, and (G;)) j=1,2, ..., Mand (G..,) i=1,2, ..., N are the
measured disturbance models without any time delay. The above

models are replaced by the following polynomial division identities,

G,=Qi+Rjq "™

G,=Q,+Ryq "

(G ) =QU+R1, " wherej=1,2,..,M
(G, ) =Qr +Ryq "™ where i=1,2, ...,N
G;Q,=E+Fq "™
G;Qi=G+Hq "
GpQ\ =147, where j=1,2, ...,M
G, Q=Ko Lo ™" wherei=1,2,...,N ©)

Eq. (3) is called Diophantine equations. Q; and Q; are polynomi-
als of degree f,+f,+1 and f,, respectively; Q;; and Q;, are polyno-
mials of degree f+f,+1 and f,, respectively; R}, R, R}, and R3,
are proper transfer functions. Substituting the identities in Eq. (3)
into Egs. (1)-(2), the outputs (y,(k) and y,(k)) can be expressed as
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where S=1/(1+G,.Ge,+Gr,Gr.Ge,Ge,). In these decomposition equa-
tions, it is obvious to see from the block diagram (Fig. 1) that Q; is
the cascade invariant of y, because the disturbance w1 enters directly
into the output y, and there is time delay (f,+£;+2) of processes G,
and G,.. R, implies cascade dependent effect of y,, which makes it
possible for both controllers to cause a change after f,+f,+2 time
delays. E is the cascade invariant of y, because the disturbance w5
enters directly into the output y, after the time delay (f,+1) of pro-
cesses Gy, Similar explanations can be used for the relationships
between Q; and R; for y,. Thus, y, . of y, and y, .- of y, are de-
composed into the cascade invariant (CI) and the cascade depen-

m

dent (CD) term. The identity of the feedforward models (G’
and (G7.,)") based on the dead times f,+f,+2 and f,+1 may contain
the feedforward invariant (Q; and Qs,) and the feedforward depen-
dent (RT'J and RZi, ). If 1, ; is smaller than £,+£,, y, - of y, with respect
to W/, is decomposed into the cascade invariant/feedforward invari-
ant (CI/FFI), the cascade invariant/feedforward dependent (CI/FFD)
and the cascade dependent/feedforward dependent (CD/FFD) terms;
If 1, is equal to or bigger than £+1,, y, - is decomposed into the
cascade invariant/feedforward dependent (CI/FFD) and the cascade
dependent/feedforward dependent (CD/FFD) terms. If /, ; is smaller
than f,, y, = of y, with respect to w5, is decomposed into the cas-
cade invariant/feedforward invariant (CI/FFI), the cascade invari-
ant/feedforward dependent (CI/FFD), and the cascade dependent/
feedforward dependent (CD/FFD) terms; If /; ; is equal to or bigger
than £, y, ;- is decomposed into the cascade invariant/feedforward
dependent (CI/FFD) and the cascade dependent/feedforward depen-
dent (CD/FFD) terms. Similar decompositions can be also applied
t0 Y, s Of Y.

Even though MVC is often used as a performance benchmark,
it is unrealistic for general applications. It usually leads to a large
input action and it is a lack of robustness in control. Thus, a more
practical and achievable performance benchmark for the specific
controllers can be obtained by solving the following optimization
problem:

2 -2
(OCOFF) achiovable = mln OCc/FFy, (6)

Ge,Ge,

GG

It is apparent that the variance of the output y, is the function of
the controller parameters G, G.., G? ;and G&pr Note that the bench-
mark bound only shows if the current performance is close to the
achievable benchmark. The possible faults that downgrade the con-
trol performance are still unknown.

Based on Egs. (4)<(5), the output variances (o7, and o2.) related
to the impulse response coefficients can be expressed as

5
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0

2
Spcorri= 2, (@ a)
h=firforl, 43 0
Sl 1 5 £
Sy.corrp= . (%,,w;n/,,,) Sy..corrD= D ay,,w;"/,,,)
h=f+1 h=fotl, 2
f foth 42
2 2
Scrrmi= 2, (& 0 Spami= 2 (&, 0)
bl TP hefrl T
d 2
S, co/FFD,i= Z (ayﬂ,w’.”,h)
h=fotl, 42 B

where {¢, .} and{a, . ,},s=1,2; x=1, 2 are the impulse response
coefficients from y, and y,. Here the unmeasured disturbances w
and w; are independent, and they are normal disturbance random
variables with the same mean values of zeros; however, their var-
iance values are different. For simplifying the above expression and
easily computing the impulse response coefficients from y, and &,
=0,/a=0, /b, are defined, where a and b are constant ratios for
extracting a common unmeasured disturbance (w*) for and w/ and
w5 . The above equations can be written as

2 u_ 9 * * u u_ 9
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= Bl k >
L 2 c > >
Sy.cr= ;)(b a5 Sncoo= h; l [a, . )+ )] (14
= bt

In Eq. (13), the output variance o, < can be classified into the var-
iances from CI (s,,¢; ) and from CD (s,, ). Sy, i the sum of the
first (f,+1) square impulse response coefficients of the effect w, on y,.
Thus, it is the function of Gy, only. s, is the sum of the square
impulse response coefficients of the rest terms from f,+1, includ-

(c1)* &(co)*
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ing CD,;, CD,, and part of CI,,. Similar explanations are used for
S,.cr and s, cp.

FAULT DETECTION AND DIAGNOSIS
OF A FEEDFORWARD/CASCADE CONTROL SYSTEM

Assume the operating controllers (Gfé Js G/Ci,,-, Ge, and G¢.) with
the achievable performance are given. The faults from these oper-
ating controllers can be checked first before starting diagnosis. The
possible fault sources would come from the other elements (f,, £,
L, b, Gr, G, G,, G,, G, and G,,,). In the terms of the output
variances of the feedforward and the cascade loops (Egs. (10)-(11)
and (13)), the dead times (f,, f,, /; ; and /,,) are used to divide the
variance into CI, CD, CI/FFI, CI/FFD and CD/FFD. The dead times
for the current operating data should be estimated first and checked
if they are changed. Here the correlation analysis method is adopted
[12]. This time delay can be estimated based on the maximum value
of the cross correlation between the process input and the output of
the closed loop data [13]. Other techniques can also help determin-
ing the process dead time from the closed-loop data [14].

1. Cascade Control Loop

Because the operating controllers and the dead times have been
checked before, now the possible fault causes (G, G, Gr, and Gy))
can be found by examining corresponding sub-terms (S,, c1, S, cp,
S,.c;and S, p) of &, ¢ and &, ¢ for the current and the achieved
conditions.

*
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*

Sy.cn,= S;.(m (CD)ﬁ:

(CDy: St =Sy.icm (15)
where S with the superscripts * and c, represents the achieved and
current conditions, respectively. Because the disturbances are driv-

en by white noise sequences, the ratios S, /S, Sy SicDrs
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Fig. 2. Fault detection and diagnosis trees for (a) the primary control output and (b) the second control output.
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Table 1. The diagnosis rules of the cascade control loops by merging the primary and the secondary diagnosis trees

Diagnosis result Fault symptom of
the primary loop
cc.p.1 cc.p.2 cc.p.3
Fault symptom of
the secondary loop
ce.s.1 Gy, or G, Gy, Gy, & (Gy, or Gp)
cc.s.2 Gi, — —
cc.s.3 Gy, & (Gy, or G) I Gy, & G}, or (G, or Gp)

Sy.cn/Shicn, ad S, oy /St . follow a distribution called the F dis-
tribution [15]. Based on the quantified variation of both terms, the
appropriate threshold for the F statistics can be determined to iden-
tify what are the fault conditions in the current operation.

Two diagnosis trees for the primary and the secondary control
loops are shown in Fig. 2(a) and (b), respectively. Each tree will
branch to three child nodes ((CI);* & (CD);’, (CI);* & (CD)y’,
and (CI);" & (CD)y’, where the superscripts “a” and “r” represent
the accepted and rejected outcomes, respectively, and the super-
script “I”” represents the primary (i=1) or the secondary output (i=2),
respectively.

(@ (CD;* & (CD);"

It indicates no fault in the feedback loop (cc.p.0 in Fig. 2(a) and
cc.s.0 in Fig. 2(b)).

(b) (CI)s" & (CD);’

S,,r is the function of the unmeasured disturbance model (G;).
(CI);" shows that G, has no fault. Thus, (CD); indicates that the
possible faults are from G, Gy, or Gy, j#i error (cc.p.1 in Fig. 2(a)
and cc.s.1 in Fig. 2(b)).

(© (CI);" & (CD)y’

(CI)i" & (CD);" indicate G, error must exist. In order to re-con-
struct the unmeasured disturbance model, the disturbance model
(Gy) is identified based on the first £+1 closed loop impulse re-
sponse coefficients obtained from the time-series modeling of the
current output operating data. The approximate stochastic distur-
bance model realization (ASDR) [16] is adopted here to identify
the disturbance model that can only be identified by using routine
output data. The method is good for the accurate disturbance model
when there are three or more dead times. Other identifications of
the disturbance model can also be applied [2,17]. After Gy, is sub-
stituted into (CDY, other faults can be further examined by using
the hypothesis test (CD);),

¢

(CD)i: S, 0 =S, cm (16)
Thus, the above node can be further branched to two child nodes:

(i) If (CD); is accepted, the only fault is G;, (cc.p.2 in Fig. 2(a)
and cc.s.2 in Fig. 2(b)).

(i) If (CD); is rejected, it represents faults from G, as well as
from any one or all of Gy, Gy, and G, j#i (cc.p.3 in Fig. 2(a) and
cc.s.3 in Fig. 2(b)).

Note that the condition ((CI);" & (CD);") does not exist. When-
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ever any (CI); fault occurs, the (CD)j, term must be unacceptable
because the (CI); fault coming from the change of the disturbance
model will also affect the impulse coefficients of the (CD), term.

In order to identify the possible fault from the CC loops, simply
combine the rules of the two individual diagnosis trees produced in
the above steps into a new set of rules shown in Table 1. The col-
umns and the rows labeled (cc.p.i and cc.sj, 1, j=1, 2, 3) represent
three fault conditions of each individual control loop. There are nine
possible rules in the combined rule set, but the normal condition
rule of each control output is not included. Due to the interaction
of the cascade control system, the control output must be accepted
when the other control output is accepted. In Table 1, the interac-
tion of any two individual rules may be put into a specific fault con-
dition. For instance, when the symptom of the primary loop is cs.p.1
((CI)y* & (CD),") and the symptom of the secondary one is cc.s.1
((CT)y* & (CD);"), the former indicates that the fault G, does not
exist and the latter shows that the fault G;, also does not happen.
Thus, the faults in the current system would come from the pro-
cess models (G, or G,). However, some combination may lead to
the conflict condition. For example, when the symptom of the pri-
mary loop is cs.p.2 ((CD);“) and the symptom of the secondary
one is ¢s.8.3 ((CD);"), the former indicates that the only fault is G,
but the latter shows that the other possible faults (G;, or G, or G,.)
must occur and the fault G, must exist. Thus, the conflict condi-
tion should be removed, which is marked in bold line in Table 1.
Similar explanations can be used for the other symptom pairs in
the box of Table 1, except for the condition when the symptoms of
the control loop are cc.p.3 (CD),”") and cc.s.3 ((CD);"). In this con-
dition, both G;, and G, have errors, but it does not show whether
Gy, or G,, has the model error. Thus, the disturbance models (G,
and G,.) should be updated to isolate these faults, and then the di-
agnostic tree of each loop is applied again. If the process models
are mismatched, the final faults must be (G, or Gy.) as well as (G,
and Gy,); otherwise, the only faults must be (G;, and Gy,).
2. Feedforward Control Loop

In Fig. 1, there are two different types of the measured distur-
bances (G,_, j=1, ..., M and G, i=1, ..., N) in the control sys-
tem. G, and G,., directly enter the primary and the second out-
puts, respectively. From the variances of the control outputs (o7 !
and &’ ,, ), the terms of S, ¢/, and S,. ¢y, are the only func-
tions of the measured disturbance models, G, , and Gy, ,, respectively.
As for the diagnosis trees of the feedforward loops of O'; . and

S WFE W,

O, sy, (Fig.3), two conditions are separated based on the differ-

ence of the dead times between the processes and the measured dis-
turbances (/, <f,+f, and /, >f,+f, for crf_ ; L <t and [, >f, for

Lj
2
O}:_FF,“-;';)-

W FF W
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(CI/FFI);" & (CI/FFD);"

——————————————— —b-l No Fault in Feedforward Loop | ff.1.0
CI/FFI)}* & (CI/FFD)}"
- ( )U }U-— - —-—-—-—-—-D{ Process Fault ( ), or G:,}I ff.1.1
(cyFrry || ia :
& (CI/FFD) {le"lFH}ﬁ' &(CU’FFDE’ (C]"(FFD}' . d Disturbance Fault 1.2
(GP ) o
o (CI/FFD), _ )
I_denu_ﬁ’ Gi-’ | {CIJ'{FFD):J Process and Measured Disturbance ff.1.3
' Faults (G or G, ) & G} )
(a)
(CI/FFD);* & (CD/FFD);*
—JII{ }D { llllr . L ''''''''''''' +| No Fault in Feedforward Loop | 2.0
. - jx =t - ing
i (("' |J.'rﬂ_|}}u & (('D’I{rFD‘}“_ _____________ > Measured Disturbance Fault 2.1
(CI/FFD); ( ) _ { ) (Gp,)
, ; [1(CI/FFD);" & (CD/FFD )}’ CD/FFD)}"
& {(— D!{FFD)U ’ : - —hl Process Fault { G;'. or G;'..) | ff.2.2
— CD/FFD),
| ; - '.'! ( 1 i
I_denln_fy ,('.ﬂ. a'ni(',ﬂa (CD.-'JFFD); Process and Measured Disturbance 2.3
TP Fauls (G, or G, ) &G )
(b)

Fig. 3. Fault detection and diagnosis tree for the feedforward control loop: (a) /, <f,+f, or , <f;; (b) /, ;>f,+f, or [, >f,.

Condition 1: /, <fi+f, (or /, <f,)j=1,2, ...

2 m 2 m * * 2
O}w FEWT, = Sy\., CIFFI, j(GL,‘,) O'“,:;_«/ +S o CI/FFD,j(GL\.1/’ GP,, GP:) Uw:‘,/

+ S_\"‘,CD/FFDJ(GZI,,,’ G,,Gp) O'i.({j/ v=1,2 (17)

where S, cyen, and S, cpen,; are the functions of the same ele-
ments. Thus, only the hypothesis testing of S, cirm,; and S, cremp,
based on the achievable minimum and the current variances used
here is evaluated.

(CI/ FFI)’UZ S}',,‘(('[/FF[)"‘ = S}\.,(('I/FF[)},
(CI/FFD)y: Sy” p—— S)_” Dy (18)

With the two null hypothesis testing, three possible outcomes would
happen:

(a) (CUFFI);" & (CU/FFD);":

It shows there is no fault in the feedforward loop (f£1.0 in
Fig. 3(a)).
(b) (CI/FF1);" & (CI/FFD)}":

The acceptance of (CI/FFTY, indicates that G; , is no fault. This
implies that the rejection of (CI/FFDY), comes from the fault of G,
or G, (ff£1.1 in Fig. 3(a)).

(c) (CI/FFI)}” & (CI/FFD);":

(CI/FFT), exceeds the critical value of the hypothesis testing.
(CI/FFIY, cannot also be accepted. One of the possible faults must
be from the disturbance model (G ,). The measured disturbance
model should be re-estimated. With the estimated G; ,, the new CI/
FFD of the achievable is updated. The node based on the new hy-
pothesis testing of (CI/FFDY); is further branched into two child
nodes:

(i) If (CI/FFDY), is accepted, the only fault is G, (ff.1.2 in Fig.

3(a))
(i) If (CI/FFDY) is still rejected, it represents faults from G,
and (G, or G.) (f£.1.3 in Fig. 3(a)).

Condition 2: [, >f+f, (or }, 21,))j=1,2, ...

2 * * 2 m * * 2
o, FEw S Sy,,CI/FFD,j(G[’l; Gp) O'“,:;_«/ + S)r,,,CD/I’FD,j(GL\.1,5 G»,,Gp,) O'w:‘,/

v=1,2 (19)
Like Condition 1, the evaluation of the hypothesis testing of S, ¢y,

and S, cprp; based on the achievable minimum and the current var-
iances is

(CI/ FFD ),0: Sy,,,(l"[/FFD)(,: Sy,,,(m/FFD)(,
(CD /FFD ){): Sy‘,(FD/FFD)’g: S_\-,,((‘D/FFD)L (20)

Also, they have three possible outcomes:
(@) (CI/FFD);* & (CD/FFDY;"

It represents there is no fault in the feedforward loop (ff2.0 in
Fig. 3(b)).
(b) (CI/FFDY);" & (CD/FFD);’:

The acceptance of (CI/FFDY, explains G, and Gy, are correct.
This implies that the rejection of (CD/FFD), comes from the fault
of G, (ff2.1 in Fig. 3(b)).

(c) (CUUFFD);" & (CD/FFD);":

The (CI/FFDY, exceeds the critical value of the hypothesis testing
and (CD/FFDY, cannot also be accepted. One of the possible faults
from G, or G,, must exist. In order to confirm if the only fault is
Gy, or G;., the process model should be re-estimated. The conven-
tional closed-loop model identification is applied here directly to
obtain the new estimated process model. Without any external input
to change the current operating process, the process models are still
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consistently estimated because the excitation information of the cur-
rent operating data is sufficient at poor performance.
Then the new of the achievable value is updated.

c *

o (CD/FFDY, — Oy, (CD/FFD), @1

The node based on the new hypothesis testing of (CD/FFDY, is
further branched into two child nodes:

(CD/FFD)}: S

(iii) If (CD/FFD), is accepted, the only fault is G, or Gy, (fb.2.2
in Fig. 3(b))

(iv) If (CD/FFED), is still rejected, it represents faults from G,
and from any one or all of G, and Gy, (b.2.3 in Fig. 3(b)).

To sum up, a stepwise diagnosis procedure is plotted in Fig, 4.
First, the fault detection and diagnosis approaches are initiated if
and only if the current output variances (o’ and o) significantly
deviate from the initial benchmark (of,; and 0';) The cascade con-
trol loops and then the feedforward control loops are detected sep-
arately. In the cascade control loops of Fig. 4, with the variance terms
of the current closed-loop operation (S, ¢/, Sy.cos Sy.crs Sy.cp) and
the benchmark condition (S}, ¢/, Sy.c0, Sy.cr» Sy..cn), the fault detec-
tion diagnosis trees (Fig. 2) of the primary loop and the secondary
loop are used to check if the faults occur. Under the hypothesis test,

J. Chen and C.-K. Kong

as long as the value of the test statistics exceeds the threshold value,
the effect of the just-identified fault is fixed. Then the benchmark
models are successively replaced whenever any fault is identified. As
for the feedforward control in the outer loop, the diagnosis tree (Fig.
3) is applied based on the variances of the current closed-loop data
(Ss..crrrij> Sycorrny and S, e ;) and computation with the bench-
mark condition (S}, crrrs» Sy, iy and S, corrn;). Likewise, based on
the variances of the current closed-loop data (S, crr, Sy crren, and
S,..coren,) and computation with the benchmark condition (S, cyrr.,
S,.corrps and S}, o), the diagnosis tree (Fig. 3) of the feedfor-
ward control in the inner loop is conducted. The stepwise diagno-
sis procedure is repeated until all possible faults in the cascade and
the feedforward loops are detected. Note that the only possible faults
from the measured disturbance models in the feedforward loop should
be detected when the cascade control loops are tested first, because
the other fault elements have been explored and identified in the cas-
cade control loops.

ILLUSTRATION EXAMPLE
The process output transfer functions related to the second con-

troller output (u,(k)), two unmeasurable disturbances (wi(k) and
ws(k)) and two measurable disturbance (w'(k) and w5 (k)) are

Current

Operating

Accepted

Control Performance

is Accepted
S_I.-,_('f S_I.,_('u j'- e J_._-': 5 FF O—.‘- r.J:__ j_:...r'.'_-“-.:.f
. ) - ot L .01/ FED. |
Sy Spen O cc 7 . S, coierny
S_::,.('r TFFLY
- — 5_::.| T FFD, >
/ N ol S,

Y I \
Hypothesis Test to Diagnose Cascade ‘ Feedforward | Hypothesis Test to Diagnose
the Fault Symptoms of Loops Loops the Fault Symptoms of

Cascade Loops \ l Feedforward Loops
I A \ /. i 'YL
| / O S, cirerni l
> - S ctveens =
| S_:-,.(‘D- FFD. i l
| . 2 2 2 2 R I
Sya Swen G e T =0 T S-:"'”"“""’
| " L > S, |
I S o S"""m 63‘. £ U'I; - O—"I o 0"-:_”. 0..2-' FF 5: DV FFD, I
| Remove the Effect of Remove the Effect of I
| theldemtificdFault  |y()=yic®) + (B __ theldentificd Fault |

V2 (k) = ya0c (k) + vy e (K)

Fig. 4. The flowchart of the stepwise diagnosis procedure.
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depicted as
yim 1 yak—9) + L e 7’ W
1-0.2z" 1-0.7z" 1-0.7z"
1 u 275 m
y. u(k-9)+ W+ % 22)
12052 1-0.1z" = 1-027"

The achievable minimum variance of this system is 2.1474 and two
controllers are a PID controller for the outer loop and a PI control-
ler for the inner loop. The achievable minimum variance of this sys-
tem can be separated into CI, CD, FBI/FFI, FBI/FFD and FBD/
FFD,

S, (n=1.9600 S, (cny=T7-6666x10""

S, @y =1.0101 S, oy =5-8409x10""

S, corn=1.9607 S, coeny=8-5980% 107

S, crmrpy=1.0417 S, currpy=0-1040 23)

Assume that the system model is degraded:

1 1 ‘ 5
yi= ya(k—11)+ Wi+ Wi
R 1-0.77" | 1- 09’l
1 u 271l m
ya= u(k-9)+ W+ % 24)
Tis07s =052~ 1-052"

The multiple faults we consider in this case are the changes of both
process models, the change of the 2™ unmeasured disturbance mod-
el, the change of the delay of the 2™ measured disturbance model,
and the changes of both measured disturbance models. The control
parameters are still based on the original achievable design values.
The simulated closed loop output is plotted in Fig. 5. The con-
trolled output variance of this fault condition (4.5125) is far from
that of the original benchmark condition. Although the output vari-
ances of the normal and the fault conditions are significantly dif-
ferent, it is difficult to isolate the root fault only from the output re-
sponse plot. The proposed diagnostic procedures are adopted to ex-
amine the capability.

40

20 |

ol MWWMMW fl,r L hl Nl

-20

Yy

Jgh‘ i

0 200 400 EDD BUD 1000 1200 1400 1500 1800
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Mmmwwmw R

200 400 EDD BUD 1000 1200 1400 1EDD 1800
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IJ'I |

Y2

-10
0

Fig. 5. Output responses under the normal condition (before the
1000” sampling point) and the faulty condition (after the
1000” sampling point).
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Fig. 6. Process delay estimations: (a) the primary delay, (b) the sec-
ondary delay, (c) the first measured disturbance delay, and
(d) the second measured disturbance delay.

1. Diagnosis of the Cascade Loops

To isolate the possible faults from the cascade loop, the current
process dead times are checked by cross-correlation analysis for
the input and the output data collected from the current closed loop
operating data. From Fig. 6, it is obvious that the delays of both pro-
cess models are the same as their original values. Based on the guides
of the diagnosis tree (Fig. 2), the hypothesis test of (CI), & (CD),
and (CI); & (CD); is conducted,

1.9600

Foo75=0.8834 <(Cl)y=
0.975 <( )0 19600

=1<F,ps=1.1319

(CD)j= 00014 _
7.6666 10”

L. 333? ~1.31205Fy s =1.1319

=1.8268>Fs=1.1319

(CDi=

-8
(CDy=1731x10°
6.4912x 10

At the 0.05 level of significance, the hypothesis test of y, is (CI);* &

=1.3240>F,s=1.1319 ©5)
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(c1);” &(cp)”

J. Chen and C.-K. Kong

e i —  — — e — No Fault in co.p.0
Cascade Loop
(c1),” & (co)y g Process or Disturbance Fault cep.d
( GorG, oGy ) w
(c1)} &(cD), =
C—— (co), _ Unmeasured Disturbance ccp.2
[identity G; - : Fault Only ( G )
co)
(cI)y &(cojy
(C1k' & (cDk — . p=|Process and Unmeasured Disturbance | 3
(co)” Faulls ( G; &(Gj, or Gy, orGL) )
(a)
28 a
M‘_A_A_A_,_‘_-_-p No Faultin cc.s.0
Cascade Loop -
(CIj2* & (CDJ’ Pracess or Disturbance Fault ce.s.1
T = (G;IorG:EorGj_’l}
(C1); &(CD): 2a
C— = (co); _ Unmeasured Disturbance cc.s.2
|identify G;_* - FaultOnly ( G* )
—_— (cD) -
(cIf’ &fcofy > Process and Unmeasured Disturbance ..o 5
(co Faults { G &(GyorGyorGp) )
(b)

Fig. 7. Fault detection diagnosis trees of (a) the primary loop and (b) the secondary loop whose bold line indicates the fault condition.

(CD)," and that of y, is (CI);” & (CD);". According to the symp-
tom of (CI)y“ & (CD),”, (CI)y* indicates there is no fault in G},
and (CD)," indicates the faults are from G, G, or G,.. The fault
location of the outer loop in the diagnosis tree is shown in Fig, 7(a).
As for the symptom of (CI);” & (CD);", the fault comes from the
unmeasured disturbance (G,.) of the inner loop. To isolate the fault,
the disturbance model is re-identified by ASDR from the current
operating data,

Gu 271

“:(1—0.1z*‘)(1—0.2z*‘)(1+0.1z*‘)(1+o.1z")

(26)

After the estimated disturbance model is updated, the (CD); statis-
tics is used to detect if there are other possible faults (G, Gy, or
G,,). At the 0.05 level of significance, the null hypothesis of (CD);
cannot be accepted ((CD)}"),

1.1403x10°°

(CD)=
" 45112x10°

=2.5277>Fpps=1.1319 @7

Therefore, based on the output response of y,, it indicates the faults
come not only from G;_ but also from G, G, or G, The fault loca-

Table 2. Diagnostic results from the cascade loops

tion of the inner loop in the diagnosis tree is shown in Fig. 7(b).
Table 2 that shows the interaction of these two trees can sufficiently
indicate that there are faults from G;. as well as from any one or all
of G, and Gy..
2. Diagnosis of the Feedforward Loops

First, the dead times in these two measured disturbance pro-
cesses are examined. Fig. 6 shows the dead time of the first meas-
ured disturbance process is the same as its original value (/,=4),
and the dead time of the second measured disturbance process in-
creases to ,=10. Thus, the feedforward terms of the new achiev-
able minimum variance benchmark are:

S =1.9607 S =1.0586x10"*

X X
1, (CIFFI, 1, (CUFFD),

*

1. (CUFFD);

because the delay time of the 1* measured disturbance model (/,+1
=5) is less than the process dead time (f,+f,+2=20), and the delay
time of the 2 measured disturbance model (4, +1=11) is bigger than
the process dead time (£,+1=9).

(i) Feedforward loop 1:

Since /,<f,+f,+1, based on the diagnosis tree (Fig. 3(a)), the hy-

S =1.0417 S. oy =2-5056x10"° (28)

Fault symptom of
the primary loop

cc.p.1 cc.p.2 cc.p.3
Fault symptom of
the secondary loop
ce.s.1 Gy, or Gp, G, G}, & (Gy, or Gp)
cc.s.2 G, — —
cc.s.3 G}, & (Gy, or G) — G;, & G}, or (G, or Gp)
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(CI/FFI)," & (C1/FFD),"

——————————————— —b-l No Fault in Feedforward Loop | ff.1.0
(CI/FFI),* & (CI/FFD)." _ _
(CU‘I“'FI)L ————————————— I— . ‘D-I Process Fault ( GPI or GP‘) | ff.1.1
& (CI/FFD); (CI/FFI);" & (CI/FFD);* (CI/FFD), > Measured Disturbance Fault 12
(G ) o
, . (cy/FFD), -
,l_de‘n n_fy C_'FM: I (CL"I FFD}:J Process and Measured Disturbance ff1.3
’ Faults ( (G, or G, ) &G} )
(a)
(CI/FFD)* & (CD/FFD )"
——————————————— —I-l No Fault in Feedforward Loop | ff.2.0
_ (CI/FFD);" & (CD/FFD); - Measured Disturbance Fault f£2.1
(CI/FFD); ( P e " { . ( G") 2.
. T1 (CI/FFD )" & (CD/FFD )" CD/FFD)"
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— (co/eFD); [
I ldentity Gy, and G- ’
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(b)

Fig. 8. Fault detection diagnosis trees of (a) the feedforward loop 1 and (b) the feedforward loop 2 whose bold line indicates the fault

condition.

pothesis tests of (CI/FFI), & (CI/FFD), statistics

(CUFFI). = ?'828(7’ =2.5705>Fyps=1.1319
(CI/FFD)\= % =1877>Fops=1.1319 29)

implies that only the 1* measured disturbance model (G;,) error exists,
because the process model errors have been detected in the cas-
cade loop. The diagnostic tree of the 1* feedforward loop is plotted
in Fig. §(a).

(i1) Feedforward loop 2:

Since 1,>1,, the diagnosis tree based on Fig. 3(b) is guided. The
hypotheses test of (CI/FFD); and (CI/FFD); statistics,

1.0989

Foors=0.8834<(CI/FFI); =
0978 ( % 1.0417

=1.0549<F;0,5=1.1319

0.1988
1.0586x10™

indicates that the possible fault in the 2 feedforward loop is G;.
error. The diagnostic path is also plotted in Fig. 8(b).

From the above procedures, the identified faults are £, G;,, G,
G,, and (G, or Gy,), all of which deteriorate the control perfor-
mance. The last stage, but not the least one, recovers the control
performance after correcting the fault sources. After these fault ele-
ments are corrected, the new achievable benchmark is 3.5248. The
performance bound will be used as the new benchmark to keep mon-
itoring and diagnosing the next coming operation cascade/feedfor-

ward system.

(CI/FFD); = =1877>Fyps=1.1319 (30)

CONCLUSION

A systematic approach for the needs of fault diagnosis of the FF/
CC control system has been shown, including the function of con-

troller performance assessment, the detection and diagnosis related
to both FF and CC loops. The approach consists of three major stages:

1. Performance assessment: to detect the current operation of the
control system if it is accepted.

2. Variance decomposition: to partition the variance information
into a set of feature terms. The terms contain the key elements of
the controlled system.

3. Features diagnosis: to screen out the fault element of the con-
trolled system.

At the stage of performance assessment, by comparing the dif-
ference between the minimum variance of the controlled output and
the current variance of the controlled output, the performance of
the current controlled system is evaluated. The benchmark perfor-
mance can just be viewed as grey indicators because these index
values only imply how poor the performance of the current control
loop is, not finding out and removing the fault causes associated
with the performance degradation. At the variance decomposition
stage, due to different impulses (of Eqgs. (4)-(5)) effect on the var-
iance of the controlled output being exhibited in different faults,
the control output variances is decomposed into the cascade loop
variances and the combination of cascade and feedback loop vari-
ances from the available historical data information. These decom-
posed variances can construct two separate sets of the diagnostic
reasoning trees to analyze and find out different types of faults that
can affect the achievable performance working condition. At the
feature diagnosis stage, via a sequence of the hypothesis testing, the
possible faults in the FF/CC control system can be examined. The
current operation performance is compared to the one that would
be obtained by using a minimum achievable variance controller.
As long as the value of the test statistics exceeds the threshold value,
the effect of the just-identified fault is eliminated. It can systemati-
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cally identify and isolate the system that contains the possible fault
information. This is a stepwise diagnosis procedure. Without a de-
tailed familiarity with the model of the dynamic system being su-
pervised, the proposed measurements-driven based method is the
accurate fault identification in the operation system. In addition, it
is possible for several different types of diagnosed faults to occur
simultaneously, and virtually the proposed method can be used to
characterize them. This prototype is used to verify the numerical
simulation testing in this paper. The assumption of the disturbance
with the uncorrelated noises has a limitation for practical consider-
ation. The work for the correlated noise will be considered at our
next stage. Moreover, an extended research on assessing robust-
ness for industrial applications will be further studied in the future.
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