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Abstract—This work focuses on fault-tolerant nonlinear fault of the entire control structure (for example, [23], [20]).
control of a gas phase polyethylene reactor. Initially, a family The use of only as many control loops as are required

of candidate control configurations, characterized by different 5 5 time, is often motivated by economic considerations
manipulated inputs, are identified. For each control configu-

ration, a bounded nonlinear feedback controller, that enforces (to save on unnecessary Comro_l action), and in this case,
asymptotic closed-loop stability in the presence of constraints, fault-tolerant control can be achieved through control-loop
is designed, and the constrained stability region associated reconfiguration. Recently, fault-tolerant control has gained
with it is explicitly characterized using Lyapunov-based tools. jncreased attention within process control; however, the

A switching policy is then derived, on the basis of the gyqjaple results have been based on the assumption of a
stability regions, to orchestrate the activation/deactivation of

the constituent control configurations in a way that guarantees “near_ prqcess description [13], [21]’_ [11 [,19]' .
closed-loop stability in the event of control system faults. ~ Switching to fall-back control configurations in the event

Closed-loop system simulations demonstrate the effectiveness of faults results in an overall process that exhibits intervals

of the fault-tolerant control strategy. of piecewise continuous behavior interspersed by discrete
transitions. A hybrid systems framework therefore provides
I. INTRODUCTION a natural setting for the analysis and design of fault-tolerant

control structures. However, at this stage, despite the large

Increasingly faced with the requirements of safety, reand growing body of research work on a diverse array of
liability, and profitability, chemical process operation ishybrid system problems (e.g., [12], [11], [6], [2], [9]), the
relying extensively on highly automated process control sysise of a hybrid system framework for the study of fault-
tems. Automation, however, tends to increase vulnerabilitplerant control problems has received limited attention. In
of the process to faults (for example, defects/malfunctiond 0], a hybrid systems approach to fault-tolerant control was
in process equipment, sensors and actuators, faults in tegployed where upon occurrence of a fault, stability region-
controllers or in the control loops) potentially causing a hosbased reconfiguration is done to achieve fault-tolerant con-
of economic, environmental, and safety problems that carol. In [17], the problem of implementing integrated fault-
seriously degrade the operating efficiency of the procesgetection and fault-tolerant control was addressed under
Problems due to faults may include physical damage tstate and output feedback. Designing fault-tolerant control
the process equipment, increase in the wasteful use of rattuctures that prevent loss of product (due to limit cycles)
material and energy resources, increase in the downtina@éd possible loss of equipment (due to unacceptably high
for process operation resulting in significant productionemperatures) in the event of a fault in the control config-
losses, and jeopardizing personnel and environmental safalyation is therefore of important industrial value.
These considerations provide a strong motivation for the This work focuses on fault-tolerant control of a gas
development of methods for the design of advanced faulphase polyethylene reactor modeled by seven nonlinear
tolerant control systems that ensure an efficient and timetyDEs. Polyethylene is the most popular of all synthetic
response to enhance fault recovery and prevent faults fro;sammodity polymers, with current worldwide production
propagating or developing into total faults. of more than 40 billion tonnes per year. Large proportion

Fault-tolerant control has been an active area of researohthis polyethylene is produced in gas phase reactors using
for the past ten years, and has motivated many reseaiZlegler-Natta catalysts. In gas phase polyethylene reactor,
studies in this area within the context of aerospace etthe temperature in the reaction zone is kept above the dew
gineering (see, for example, [18], [3], [24]). The wholepoint of the reactant and below the melting point of the
notion of fault-tolerant control is based on the underlyingholymer to prevent melting and consequent agglomeration
assumption of the availability of more control configurationsf the product particles. Most commercial gas phase flu-
than required. Under this assumption, the reliable contridized bed polyethylene reactors are operated in a relatively
approach dictates use of all the control loops at the sanmarrow temperature range betwegiC and110°C [22]. It
time so that fault of one control loop does not lead to théias been demonstrated [4], [16], [14] that without feedback

temperature control, industrial gas phase polyethylene re-
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To develop a fault-tolerant control system for a gas
phase polyethylene reactor, we initially identify a family of b,
candidate control configurations, characterized by different
manipulated inputs on the basis of a detailed model of the £
process. For each control configuration, a bounded non-
linear feedback controller, that enforces asymptotic closed- 79
loop stability in the presence of constraints, is designed, and
the constrained stability region associated with it is explic-
itly characterized using Lyapunov-based tools. A switching
policy is then derived, on the basis of the stability regions, Hy,
to orchestrate the activation/deactivation of the constituent /7,
control configurations in a way that guarantees closed-loop
stability in the event of control system faults. Closed-loop "
system simulations demonstrate the effectiveness of theH,,,
fault-tolerant control strategy.
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Table | includes the definition of all the variables used in

Egs.1-2.

Il. PROCESS DESCRIPTION AND MODELING

TABLE |
PROCESS VARIABLES

Figure 1 shows a schematic of an industrial gas phaségc
polyethylene reactor system. The feed to the reactor consistéw
of ethylene, comonomer, hydrogen, inerts, and catalystCpm1
A stream of unreacted gases flows from the top of theCv
reactor and is cooled by passing through a heat exchangqei}”"
in counter-current flow with cooling water. Cooling rates in Cppo
the heat exchanger are adjusted by instantaneously blendinﬁa
cold and warm water streams while maintaining a constantF;
total cooling water flowrate through the heat exchanger.Fin
Mass balance on hydrogen and comonomer have not beefi*:
considered in this study because hydrogen and comonomqql;
have only mild effects on the reactor dynamics [16]. A Hyo
mathematical model for this reactor has the form [5]: g1

active site concentration of catalyst

overhead gas bleed

mass of polymer in the fluidized bed

specific heat capacity of ethylene

vent flow coefficient

specific heat capacity of the water

specific heat capacity of the inert gas

specific heat capacity of the polymer

activation energy

flow rate of catalyst

flow rate of recycle gas

flow rate of inert

flow rate of ethylene

flow rate of cooling water

enthalpy of fresh feed stream

enthalpy of total gas outflow stream from reactor
enthalpy of cooled recycle gas stream to reactor
enthalpy of polymer

heat liberated by polymerization reaction

heat of reaction

molar concentration of inerts in the gas phase
deactivation rate constant for catalyst site 1
deactivation rate constant for catalyst site 2
pre-exponential factor for polymer propagation rate
molar concentration of ethylene in the gas phase
mass holdup of gas stream in heat exchanger
product of mass and heat capacity of reactor walls
mass holdup of cooling water in heat exchanger
molecular weight of monomer

pressure downstream of bleed vent

ideal gas constant, unit %

ideal gas constant, unit gf—ttn

reactor temperature

reference temperature

feed temperature

temperature of recycle gas stream from exchanger
temperature of cooling water stream from exchanger
inlet cooling water temperature to heat exchanger
product of heat exchanger coefficient with area
volume of gas phase in the reactor

bleed stream valve position

moles of active site typé

moles of active site typ@
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where

The values of the process parameters are listed in Table
. It was verified that under these operating conditions, the
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Fig. 1. Industrial gas phase polyethylene reactor system.
TABLE Il
PARAMETER VALUES AND UNITS [5].
Vg = 500 m3
Vp = 05
P, = 17 atm
By = 7-10* kg
kp0 — 85.1073 _m?_
Ea —  (9000)(4.1868) m%
Cpml = (11)(41868) mol-K
Cy = 75 atm_0‘5%:l
Cpuw = (103)(4.1868) kg? =
Cpin = (6.9)(4.1868) ol R
Chppol = (0.85-10%)(4.1868) kf =
ka, = 0.0001 s—1
ka, = 0.0001 s~1
My, = 28.05-1073 +g.
My = 3.314-10% kg
My = 6060.5 mol
MyCpr = (1.4-107)(4.1868) L
Hreae = (—894-10%)(4.1868) ?—g
UA = (1.14-10%)(4.1868) =
Fro = 5 mdl
Fu, = 190 wt
Fy = 8500 pid
Fu (3.11-10%)(18-1073) k2
s — 5.8 kg
c 3600 s
Ty = 360 K
T eea = 293 K
Towi = 289.56 K
RR = 8.20575-107° m>-atm,
R = 8314 moj —
ac = 0.548 ";;;5
wper = 5781074 S
upeT = 3.04-1074 at
[In]s = 439.68 Lt
[Mi]s = 326.72 el
Y1, = 3.835 mol
Ya, = 3.835 mol
Ts = 356.21 K
T, = 290.37 K
Ty, = 294.36 K

open-loop system behaves in an oscillatory fashion (i.e.,
the system possesses an open-loop unstable steady-state
surrounded by a limit cycle).

The control objective is to stabilize the reactor. To accom-
plish this objective in the presence of control system faults,
we consider the following manipulated input candidates:

Far, Com FrnCpin
1) Feed temperaturey; = 7+ jjg o (Treea —
+CprtBuCrpo

T%..,), subject to the constrainfu;| < ul,, =
F{ﬂlcpﬁll-‘rFInCpIn( O) K
M, Cpr+BuwCppol s
2) Catalyst flowrateus = (F. — F?)a., subject to the
constraint|us| < u2,,, = (555)ac 22
Each of the above manipulated inputs represents a unique
control configuration (or control loop) that, by itself, can
stabilize the reactor. The first control configuration, with
feed temperatureTj..q) as the manipulated input, will
be considered as the primary configuration. In the event
of some faults in this configuration, however, the plant
supervisor, will have to activate the fall-back configuration
in order to maintain closed-loop stability. The question
which we address in the next section, is how the supervisor
determines if the fall-back control configuration will be able
to stabilize the reactor if the primary control configuration
fails.

Ill. FAULT-TOLERANT CONTROL

Having identified the candidate control configurations
that can be used, we outline in this section the main
steps involved in the fault-tolerant control system design
procedure. These include: (1) the synthesis of a stabilizing
feedback controller for each control configuration, (2) the
explicit characterization of the constrained stability region
associated with each configuration, and (3) the design of
a switching law that orchestrates the re-configuration of
control system in a way that guarantees closed-loop stability
in the event of faults in the active control configuration.

To present our results in an compact form, we write
the model of Eg.1 in a deviation (from the operating
unstable steady-state) variable form, by defining =
[$1 To T3 T4 Ty Tg $7]T where r1 = In — Ing,
9 = My — My, 23 = Y1 — Y1, 24 = Yo — Yo,
x5 = T —Ts, g = Ty, 7Tw151 x7 = Ty — Tgls!
and obtain a continuous-time nonlinear system with
following state-space description:

the

(t) = few(@®)) + gre (@) ure)
luk| < upe® 3)
Kt e K ={1,2)

where z(t) € IR” denotes the vector of process state
variables anduy(t) € [—u}***,up***] C IR denotes the
constrained manipulated input associated with théh
control configurationk(t), which takes values in the finite
index setXC, represents a discrete state that indexes the
vector fieldsfi(-), gx(-) as well as the manipulated input
ux(-). The explicit form of the vector fieldsfy ) (x(t))

and g+ (z(t)) can be obtained by comparing Eq.1 and



Eq.3 and is omitted for brevity. For each value that second control configurations, have the following form:
assumes iriC, the process is controlled via a different ma-

nipulated input which defines a given control configuration. s velesm)
Switching between the available two control configurations : (®)
is controlled by a higher-level supervisor that monitors the Nr—r, = Yr_p k(e,n)

process and orchestrates, accordingly, the transition beme}ﬁﬂerek —1.2andVy - Uy_, , are nonlinear functions
- 5 Tk,

thetdlﬁefrenr'[[ (_:rc;]r_ltrpl ::onflé;utratlo_ns |rlhthet event cl’f colnttr_oof their arguments describing the evolution of the inverse
system fault. This in turn determines the temporal evolu 'Oﬂynamics of thei-th mode.

of the discrete staté;(¢). The supervisor ensures that only Using a quadratic Lyapunov function of the fori —
one control configuration is active at any given time, andr

I | finit b f itch finit ¢, Prer, where P, is a positive-definite symmetric ma-
allows only a finite number ol Switches over any finit€, 1ha¢ satisfies the Riccati inequalitd? P, + Py Ay —

interval of time. The control objective is to stabilize the, bibTP, < 0, we synthesize, for each control-loop, a

process of_Eq.S in the presence of actua_tor constrai% unded nonlinear feedback control law (see [15], [7], [8])
and faults in the control system. The basic problem i f the form:

how to coordinate switching between the different contro

configurations (or manipulated inputs) in a way that respects up = —r(z,up*)Ls Vi (6)
actuator constraints and guarantees closed-loop stability
the event of faults. To simplify the presentation of ou

I);vqwerer(m, upr) =

results, we will focus only on the state feedback problem * \/ * 9 max 4

. L% Vie+ 4/ (L% Vi)?2 + (u Lz Vi
where measurements of all process states are available for i " ( T K (w1 g0 Vi) )
all times, (oAl [L+ /T4 (I, i)

(a) Constrained feedback controller synthesis:

hi hesize f h | . . and L’];k Vi =Ly Vi + plex|?, p > 0. The scalar function
In this step, we synthesize, for each control con |gurat|or}J(.) in Egs.6-7 can be considered as a nonlinear controller

a feedback controller that enforces asymptotic closed-logp.. . It can be shown that each controller asymptotically
stability in the presence of actuator constraints. This ta abilizes thee states in each mode. This result together
is carried out on the basis of the process iNpUtoUtpYLy, e property of the) states can then be used to show,

dynamics. While our control objective is to achieve fuIIVia a small gain argument, for each control configuration,

staF(_a stab|l|zat|on,. process outputs are mtroduced only Fﬂput—to—state stable (we verified this through simulation and
fagllltate transfor'mlng the system of Eg.l into a form moreanalysis of the system of Eq.7 with, — 0 for both & = 1
suitable for explicit controlier synthesis. and k = 2). This controller gain, which depends on both

1. For the primary control configuration with; = the size of actuator constraints}***, and the particular
Fary Com1+FrnCprn s : . . . ;

o g5 (Treed — Tecq), We consider the output configuration used is shaped in a way that guarantees
y1 = T'—T. This choice yields a relative degreeraf= 1  constraint satisfaction and asymptotic closed-loop stability
with respect tou;. The input/output dynamics can be thenwithin a well-characterized region in the state-space. The
expressed in terms of the time-derivative of the variablesharacterization of this region is discussed in the next step.

e=T-1 _ _ ) (b) Characterization of constrained stability regions

2. For the fall-back control configuration with, = Given that actuator constraints place fundamental lim-
(Fe—F¢)a., we choose the outpyt = T'—T whichyields jtations on the initial conditions that can be used for
a relative degree af, = 2 and the corresponding variablesiapjlization, it is important for the control system designer

for describing the in ut/output_ci}/n_ayif:s take the formig explicitly characterize these limitations by identifying,
r po.

1 _ 2 _ +Ha—H i . . L i
ey =T =T 3 = =30 e T8, O -+ N PAICUIAT,  for each control configuration, the set of admissible initial
for the fall-back control configuration, the system describingongitions starting from where the constrained closed-loop
the input/output dynamics has the following form: system is asymptotically stable. As discussed in step (c)
below, this characterization is necessary for the design of an
éa = Ages+la(es) + baayuy appropriate switching policy that ensures the fault-tolerance

(4) of the control system. The control law designed in step
(a) provides such a characterization. Specifically, using a
Lyapunov argument, one can show that the set

O(u®) = {we€R": L} Vi <ul|Ly, Vil} (8)

= fa(e2) + ga(e2)uz

0 1 ~Jo [ el
O O ’ b2 - 1 y €2 = 6%
Ih(-) = L%hg(:z:), ao(-) = Lg,Ly,ho(x), ho(z) = yo isthe describes a region in the state space where the control
output associated with the fall-back control configuratioraction satisfies the constraints and the time-derivative of
(the explicit form of the functiong,(-) andg.(-) is omitted the corresponding Lyapunov function is negative-definite

for brevity). The inverse dynamics, for both the first andalong the trajectories of the closed-loop system. Note that

where 4, =



the size of this set depends, as expected, on the magnitutmnlinear systems.
of the constraints. In particular, the set becomes smaller as
the constraints become tighter (smalgr®*). For a given ) ) )
control configuration, one can use the above inequality to Several simulation runs were carried out to evaluate the
estimate the stability region associated with this configur&ffectiveness of the proposed fault-tolerant control strategy.
tion. This can be done by constructing the largest invariaftigure 2 shows the evolution of the open-loop state pro-
subset of®, which we denote by(ue*). Confining the files. Under the operating co_ndltlons I|§ted in Table I, t_he
initial conditions within the sef(u;**) ensures that the Open-loop system behaves in an oscillatory fashion (i.e.,
closed-loop trajectory stays within the region defined bjhe System possesses an open-loop unstable steady-state
©(umer), and thereby, continues to decay monotonically, surrounded by a stable limit cycle). First, process operation
for all times that thé:-th control configuration is active (see
[7] for further discussion on this issue).

IV. SIMULATION RESULTS
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stability for the full system is obtained by defining g £ 300

composite Lyapunov function of the forii, = Vi, +V,,, £ S

whereV,, =" P, n andP,, is a positive definite matrix ., 100
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and choosing a level set &, , 2., , for whichV,, < 0 for Time (hn) Time ()
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Remark 1: Note that the composite Lyapunov function: E 45 2 w0
V.., used in implementing the switching rules, are >, -

> 350

general different from the Lyapunov functiong used in
designing the controllers. Owing to the ISS property of tI %% 1 2 3 4 s R
nk-subsystem of each mode, only a Lyapunov function i Time (hr) 205 Time (fr)
the e, subsystem, namely},, is needed and used to desig

a controller that stabilizes the full, — n; interconnection £ » g %0

for each mode. However, when implementing the switchi =" s

rules (constructing th&., ), we need to track the evolutior

of z (and hence the evolution of both andx,). Therefore, A WO 0w 0 =
the Lyapunov functions used in verifying the switchin_ Time () Time ()

conditions at any given timé/, , are based or. From the
asymptotic stability of each mode, the existence of these

i_gsgruerr]r?: functions is guaranteed by converse Lyapuno&/nder primary control configuration was considered (i.e.,

the feed temperaturd,s..q, is the manipulated input) and
(c) Supervisory switching-logic a bounded nonlinear controller was designed using the
Having designed the feedback control laws and chafermula of Egs.6-7. Specifically, a quadratic function of the

acterized the stability region associated with each contrébrm V; = (T — T)? andp; = 0.01 were used to design
configuration, the third step is to derive the switching policythe controller and a composite Lyapunov function of the
that the supervisor needs to employ to activate/deactivate theem V., = 5x 1073 (In—Ing)* +5x 10~4(M; — My ,)% +
appropriate control configurations in the event of faults. Thex 1071 (Y] —Y14)2+5x 1071 (Yo — Ya,)2 +5 x 10~4(T —

key idea here is that, because of the limitations imposed ;)+5x 10~ (T, — T, )2 +5x 10~ (T, —T,,.)? was
constraints on the stability region of each configuration, thesed to estimate the stability region of the primary control
supervisor can only activate the control configuration foconfiguration yielding a*** = 66187.5. Figure 3 shows
which the closed-loop state is within the stability region athe evolution of the closed-loop state profiles and Figure 4
the time of control system fault. Without loss of generalityshows the evolution of the manipulated inputs starting from
let the initial actuator configuration be(0) = 1 and let the initial condition/n(0) = 450 29!, M;(0) = 340 3

Fig. 2. Evolution of the open-loop state profiles.

m3 !

Tqur be the time when this configuration fails, then the¥;(0) = 4.6 mol, Y2(0) = 4.6 mol, T(0) = 360 K,

switching rule given by Tw, (0) = 300 K, and T,,(0) = 300 K for which
E(Trour) = 2 if 2(Traur) € Qo (ul®®)  (9) Ve, = 56.7762. Since this initial state is within the stability

region of the primary control configuration, the controller
guarantees asymptotic closed-loop stability. The implememchieves stabilization of the steady-state.

tation of the above switching law requires monitoring the Next, we consider the case of having a fault in the
closed-loop state trajectory with respect to the stabilitprimary control configuration. In this case, the supervisor
regions associated with the various actuator configurationsas available a fall-back control configuration with the
This idea of tieing the switching logic to the stability catalyst flowrateF., as the manipulated input. A quadratic
regions was first proposed in [9] for the control of switched.yapunov function of the formz = e Pyes andp, = 0.01
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3.8573 mol, T(Tfqurr) = 356.3379 K, T, (Traurr) =

E 40 S 290.3692 K, and Ty, (Trau) = 2943422 K. In the
g § case of no switching to fall-back control configuration or
T 45 s 0 no backup control configuration available, the system will
20 100 behave in an oscillatory behavior (solid line in Figure 5).
ime (> %0 0 ime () % However, applying our fault-tolerant control strategy, the
5 330 supervisor, then, checks that, if the control configuration
g us 370 were to switched to the fall-back control configuration,
e < 50 Ve, = 49.5693, which implies the state at the time of
w4 ult is withi ili i -
K "350 the fault is within the stability region of the fall-back
us " control configuration. Switching to the fall-back control
0 0 ime () % 0 1 rime ()2 »  configuration guarantees closed-loop stability (solid lines
300 305 in Figure 6). Figure 7 shows the manipulated input profiles
o under primary control configuration (left) and fall-back
s < control configuration (right). Both inputs change smoothly
- F 20 with time to achieve fault-tolerant control.
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Fig. 4. Manipulated input profile under primary control configuration
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was used to design the controller that uses the fa"'baqilfg. 5.  Evolution of the closed-loop state profiles under primary

control configuration and a composite Lyapunov functiorontrol configuration (dashed lines) and no fall-back control configuration
of the formV,, = 5 x 1073(1-” _ Ins)4 +5x 10*4(M1 _ available to switch to (or fall-back control configuration is not activated)
2

2 11 2 Z11 2 resulting in open-loop oscillatory behavior (solid lines) after primary
Mys)”+5x10 (Y1 —Y1,)"+5x10 (Y2—Y2,)*+5x control configuration fails &'yt = 5.56 hrs.

1074(T—T5)?+5x 107 (T, = Top, ) > +5x 107 1H(T,, —
T,,.)* was used to estimate the stability region of the fall-
back control configuration yielding &"** = 66187.4. REFERENCES
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