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Abstract—The CATOFIN process is a propane dehydrogenation process for production of propylene. It uses multiple
adiabatic fixed-bed reactors where dehydrogenation and regeneration (decoking) are performed alternatively over roughly
ten minutes of period for each operation. Taking advantage of the periodic operation, the present research concerns
the development of a repetitive control method to improve the operation of the CATOFIN process. The controller is
designed to perform feedback action during the regeneration cycle and to perform only state estimation during the de-
hydrogenation cycle. To improve the performance while overcoming the nonlinearity of the process, a linearized time-
varying process was derived from a first-principle model and used for the controller design.
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INTRODUCTION

Ethylene and propylene, the basic precursor feedstocks in the
petrochemical industry, have been mainly produced by thermal crack-
ing of naphtha, ethane and propane. Recently, the CATOFIN process
has emerged as a competitive propylene production process due to
its higher product selectivity, energy efficiency, and low operating
cost with the advance of the catalyst [1]. The CATOFIN process
consists of multiple parallel adiabatic fixed-bed reactors, where de-
hydrogenation (Dehyd) of propane and catalyst regeneration (Regen)
by decoking are carried out alternatively over roughly ten minutes
of period for each operation. During the Dehyd operation, bed tem-
perature is gradually decreased by the endothermic reaction. Then
the bed temperature is restored to the original state during the ex-
othermic Regen period. By exquisite scheduling of the multiple reac-
tor beds, Dehyd incessantly takes place in a same number of reac-
tors so that propylene production can be continuous. Fig. 1 shows
a process flow diagram of the CATOFIN process. However, opti-
mal operation of the reactors in the CATOFIN process is a tricky
issue because of complex dynamics caused by the unsteady opera-
tion and inherent nonlinearity.

There have been a large number of studies on propane Dehyd
and catalyst Regen from reaction kinetics to reactor dynamics and
control. The references in [2-8] are only a part of them. However,
the CATOFIN process is relatively new and the dynamics and con-
trol studies on the concerned reactor seem to be rare in the open
literature according to the authors’ survey. In the industrial CATO-
FIN process, the main concern is to maintain the reactor operation
at the optimum condition overcoming the gradual catalyst deacti-
vation. This is a combined problem of optimization, on-line model
identification, and control. The major mission of the controller is to
steer the reactor to new set points dictated by the optimizer. Hence
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Fig. 1. Process flow diagram of the CATOFIN process.

the set point tracking is the major task of the controller in the CATO-
FIN process.

The reactors in the CATOFIN process are under repetitive (or
cyclic) operation where the results of a previous run affect the oper-
ation of the upcoming runs. In a loose sense, however, the reactors
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can be said to undergo batch operation since some resetting opera-
tions are inserted between Dehyd and Regen cycles. It is obvious
that an advanced industrial control technique like MPC (Model Pre-
dictive Control) is not adequate for the CATOFIN reactor since the
process is not under a steady state operation.

In this research, a repetitive control (RC) method has been de-
veloped for CATOFIN reactor operation as one of the essential mod-
ules of an on-line optimization system of the CATOFIN process.
The RC method is a special control technique for repetitive pro-
cesses [9,10]. It can perform not only real-time feedback control
but also cycle-wise information feedback. Due to the latter action, it
can achieve perfect tracking, overcoming cycle-wise repeated distur-
bances and model error. The RC method proposed in this research
is based on the model obtained by linearization of a first-principle
model around the operating trajectories in the previous cycle. The
repetitive controller was devised to regulate the bed temperatures
measured at two axial positions on desired values at the end of each
Regen cycle. The flow rate and temperature of the feed air for the
Regen cycle were chosen as the manipulated variables (MV’s).

PROCESS DESCRIPTION

1. Reactions and Reactor Operation
Eqgs. (1) and (2) show the dominant reactions taking place dur-
ing Dehyd and Regen, respectively [6].

CH === C;H+H,
CHy——3C+3H,
C;Hg+C;Hy —=— 2CH, + C,H+2C )
C+0,———CO, @

During Dehyd, all the manipulated variables are kept at pre-specified
constant values for consistent propylene production. During Regen,

Table 1. Simulation conditions and parameters

however, both flow rate and temperature of the combustion air are
manipulated to steer the bed temperatures to desired values over-
coming possible disturbance effects.

It is assumed that both Dehyd and Regen last for nine minutes
each and real-time measurements are available only for bed temper-
atures at four discrete axial positions, z=0.2, 0.4, 0.6, and 0.8.

2. Mass and Energy Balances

It is assumed that the concentration and temperature in the reac-
tor have no distribution along the radial direction. Under this con-
dition, the component mass balance is written by neglecting the radial
and also axial dispersion terms as

6_6__(&)6_%(1—_5) P

ot . \LJaz T\g PN

aC,

at _pcrz‘ (3)

IC.: C=Ci(z) att=0
B.C. C=C/(t) atz=0

where L, v,, & and p, denote bed length, linear gas velocity (m/min),
bed porosity, and catalyst density (kg/m’), respectively; T; and C,
represent the rate of generation (kmol/kg-cat.-min) and concentra-
tion (kmol/m’) of component i. The second equation in Eq. (3) is
for carbon which is deposited on the catalyst surface where it is gen-
erated.

The energy balance is given by

oT PR RAY k; \OT (1

T (rJ(ZC‘;L)a ¥ (pﬂcchz)g - (;)?AH/%

IC: T=T(7) att=0 @)

B.C: T=T, atz=0,dT/dz=0 atz=1

where p,, ¢,., and ¢, are gas density (kg/m’), specific heats (kcal/
kg'K) of gas and catalyst, respectively; k, denotes thermal conduc-
tivity (kcal/min-m-K) of the catalyst bed; r; and AH, represent the

reaction rate for the j” reaction path and the corresponding heat of

Process

Parameters

Reactor size

Length=1.1152 m

Inlet temp.=650 °C, Reactor temp.=650 °C
Propane flow=2,500 kg/min
£,=0.291 kg/m’, v,=84.8 m/min

Conditions k;=0.472 kcal/min-m-K
C, (kcal/kg-K)=(R/M) [1.213+28.785*10°T—8.824*10°T*]
Dehydrogenation C, (kcal/kg-K)=0.0015754 [227.25— 0.02132T+3543029T°~2567.3T*’]
P=0.5 atm
T k, [C;Hg]RT k;: 0.0757*10"exp(-47100/RT)
Reaction ] k; [C,H{][H,]R*T? k;: 0.057*10%xp(—12800/RT)
1, k, [C;H(R*T? ky: 0.0493%10"“exp(~62900/RT)
I3 k; [C;H,][C,HR*T? ky: 0.0557%10"°exp(~47800/RT)
Inlet temp.=690 °C
. Conditions Air flow=180 ton/h
Regeneration £,=0.725 kg/m’, v,=45.2 m/min
Reaction i k,[C][O,]RT k,: 10°exp(—107000/8.314T)

R=0.08206 (atm m*/kmol K), R=1.9872 (cal/mol K)
November, 2007
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reaction (kcal/kmol). The parameters for mass and energy balances
were taken from the works by Mickley et al. [7] and Kim et al. [8].

Dehyd and Regen models are obtained separately with the as-
sociated partial differential equations and then reduced to sets of
ordinary differential equations (ODE) using the cubic spline collo-
cation method [11,12] with six equally spaced collocation points
including z=0 and 1. In the above modeling, the effects of prepara-
tive operations like purge and evacuation, which were resetting opera-
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Fig. 2. Bed temperature trajectories at six axial positions under a
periodic steady state.

-3
7 x10.
6 CESED GEED GEED CEEEEEED GEED CGEED &z CEEES—— a— q-
E spl . onnT 1
5 |- 774"
E afyi ]
= Y 4
s 3H ———
o 4 z-position
g } 0
a 2 —-——=—0.2]4
} 2 PUUUUON 0.4
- .. 0.6
1 -_.—.0.8]4
--------- 1
0 | "l A A A y A A A
36 39 42 45
Time (min)
z-position
0 |1
—-——=— 0.2
— | gg
g - —-08]
[ P 7 S N 1
£
5 ®%sess0svcccvnce
2 T e e — " —— e —
N O 2
>
o —— —
e
& J
45
Time (min)

Fig. 3. Trajectories of propane and propylene concentrations at
six axial positions under a periodic steady state.

tions between Dehyd and Regen cycles, were not considered assum-
ing that the switching between Dehyd and Regen operations is made
seamlessly.

Table 1 shows the reactor parameters and normal operating con-
ditions. In practice, the active sites on the catalyst surface are reduced
by coking during Dehyd, which causes a gradual change in the reac-
tion rate. In the present study, however, this change was not consid-
ered in the reactor model.

3. Process Simulation

Fig. 2 shows the time-dependent trajectories of the bed tempera-
tures at six axial positions during Dehyd and Regen cycles, respec-
tively, after they reach a periodic steady state. By the endothermic
reactions, bed temperatures are decreased as propane Dehyd proceeds,
but restored by the heat of combustion during the decoking operation.

Fig. 3 shows the corresponding trajectories of propane and pro-
pylene concentrations. If we closely compare Figs. 2 and 3, it can
be recognized that the front half of the bed where temperatures are
higher than the rear half contributes the most part of the propylene
production.

In Fig. 4, trajectories for coke deposit at different axial positions
are shown under a periodic steady state. During the Dehyd cycle,
elementary carbon is produced according to Eq. (1) and deposited on
the catalyst surface. In the regeneration cycle, hot air is injected and
burns the deposited carbon resulting in a rise of bed temperature.

CONTROLLER DESIGN

1. Discretized Model

For controller design, the ODE reactor models for Dehyd and
Regen were discretized along the time domain through forward dif-
ference approximation. For the k”-cycle, the resulting model can
be written as

Xt D=g(x(0), udt))
YiD)=Cx() )
with
3 g” for te [0, t4,]
B g" for te [ty +1,N]

(X,u):{ (x”,0) for te[0,t.]
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Fig. 4. Trajectories of coke deposit at six axial positions under a
periodic steady state.
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under the assumption that one cycle begins with Dehyd operation,
where the superscripts ” and * represent the variables associated with
the Dehyd and Regen modes, respectively; t,,, and N denote the ter-
minal times of Dehyd and Regen operations, respectively; x repre-
sents the state which consists of the concentrations of the associ-
ated components and the bed temperatures at the collocation points;
y denotes the measured output, the bed temperatures at four axial
positions; and u represents the manipulated variable (MV), which
is void for Dehyd, but represents the temperature and flow rate of
the combustion air for Regen. The states are switched according to

Xf (tgn +1) =Mx{ (ta) and x7, (1) =Px;(N) @)

where M is a matrix that transfers the part of x(t,,) corresponding
to the bed temperature and coke deposit to x;(t,,;,) and resets the
remaining part of x/(t,) that corresponds to the initial oxygen con-
centrations to zero. P is defined in a similar way.

During the Dehyd cycle, there is no control action and only the
state estimation is carried out. In this case, the extended Kalman
filter can be employed for Eq. (5). During the Regen cycle, the con-
trol action needs to be determined. To include the cycle-wise inte-
gral action in the controller while reflecting the nonlinear traits of
the reactor as much as possible, Eq. (5) was linearized around the
time-dependent input, state, and output trajectories obtained in the
previous cycle. Then we have

At D=Ac ,(DAX(D) B, 1 (DAu()

Y=Y () +CAX() ®)
where Ax,(()@x(t)—x,,(1), Au (@)~ (0); Ay (t) represents
a shorthand notation of A(u,_,(t), x,_,(t)), and similarly for B,_,(t).
2. Control Algorithm

The control objective has been placed in the regulation of bed
temperatures at two axial positions at the end of the Regen opera-
tion at desired values. These temperatures are denoted y, (N—1) as
in this paper. For such end point control, manipulation of u,(t) at
every sampling instant is not necessary. In this research, u,(t) is con-
strained to change only three times during the Regen operation at
t=tw+1, t,, and t;<N—1. Under this restriction, the controller is
designed to perform the following step-by-step actions during an
entire cycle:

[Step 1] State estimation during the Dehyd operation:

Using the extended Kalman filter (EKF) applied to Eq. (5), x(t)
is estimated over [1, t,,] using the bed temperature measurements.

[Step 2] State transition from the Dehyd to Regen operations:

Using the EKF estimates X3(tlten), Xoi(tultes), and the state
transition rule in Eq. (7), the initial value AX(t,;+1[t,,) for the Kalman
filter for the Regen operation is given. Here, x(t|7) represents an
optimal estimate of x(t) based on the information up to =.

[Step 3] Calculation of the first control action in the Regen opera-
tion:

For simplicity, let t,@t,,+1 and Ax,@AX}. Att,, , (N—1]t,), an
optimal prediction of y, (N—1) based on the information at t,, is ob-
tained as a function of Auy(t), i=1, 2, 3, and the state estimate Ax,
(t,|t,). The input changes are determined such that

3

min) fr=5(N=1jt)lo+ Zlau()lx ©
W i=1

subject to other constraints
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ut)=u,_,(t,)+Aut,) is applied to the process.

[Step 4] State estimation in the Regen operation:

Between t; and t,, only state estimation is performed by using
the Kalman filter applied to Eq. (8) while maintaining the MV at
u(t).

[Step 5] Repeat steps 3 and 4:

Repeat steps 3 and 4 for t, and also for t,.

[Step 6] Transition to next cycle:

Using Eq. (7), Ax%,,(1]0) is obtained from Ax{(N]N). From this,
x4.1(1]0) is calculated by adding x7(1/0).

The EKF equation for the Dehyd operation applied to Eq. (5)
looks like

X (tH 1) =g(x,(tt)
X(t)=x(tit— - K Ot} Cxi(tit— 1)) (10)

Also, the Kalman filter for the Regen operation applied to Eq. (8) is
described as

Ax(EHD=A OAX0+B, (HAU)
A=A, (1t~ DK@ ye 10~ COAx - 1) (1)

In the above, the formulas for the time-varying Kalman gains K”
and K* can be found in standard textbooks. See [13] for example.
The covariance matrices for the process and measurement noises
needed in the computation of the Kalman gains can be considered
as tuning factors and can be adjusted according to the model ac-
curacy and measurement reliability. In Eq. (11), y,_,(t) needs to be
replaced by y,_,(tt) or other more rigorous estimate. For more details
on this issue, see [8].

The optimal prediction ¥, (N—1]t,) is given by the following equa-
tion:

Vi(N=1]t)) =5, (N=1|N-1) + TI(t,) Ax,(t,t,)
+Gi(t)Au(t) + Go(t)Au(t) + Ga(t)Au(ts)  (12)

where

T(t)@CA(N-2)L A(t))

Gi(t)@CA(,—2)L A(t;+1)B(t;)+L+CB(t,~2)
G,(t)@CA(;—2)L A(t,+1)B(t,) + L+ CB(t;—2)
Gs(t)@CA(N-2)L A(t;+1)B(t;)+L+CB(t;-2)

In the above, C is the output matrix for ¥, (t); matrices I'l L, G, are
dependent on k but the dependency is not explicitly expressed for
simplicity. The output predictions y, (N—1|t,) and y, (N—1|t;) are
given similarly to Eq. (12).
3. Controller Implementation

The sampling period was chosen to be 3 sec, resulting in total
sampling instants of N=360 over an entire cycle. Hence, each of
the Dehyd and Regen operations has 180 sampling instants. The
control moments, t,, t,, and t;, were chosen as 181, 240, and 300,
respectively. The controlled variable V, (t) was chosen as the bed
temperature at z=0.2 and 0.4, respectively. The weighting matrices
were tuned such that the ratio of the sum of squared output error to
the sum of input change in Eq. (9) is approximately 1 : 0.2.

The following constraints were imposed on the MV movements:

150 <q,;(air flow rate)< 181(ton/h)
660< T, (air temperature)< 720(°C) (13)

The above are typical values from a commercial plant producing
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455,000 (ton/yr) [14]. second case, the set point change was given from [681.9 °C 651.6 °C]
to [690 °C 660 °C]. Also, to demonstrate the performance to achieve

RESULTS AND DISCUSSION zero offset overcoming the model uncertainty, random errors of max-

imum 10% were imposed on the parameters for the reaction rates

Performance of the controller has been investigated for two cases in the nominal reactor model for controller design. In the above, it
of set point changes. In the first case, the set point was changed from is noted that the normal air flow rate is given to be very close to

[681.9°C 651.6 °C], which is the output values under the cyclic steady the compressor capacity limit. It is a frequently encountered indus-
state with [q,, T,,]=[180 ton/h 690 °C], to [690 °C 655 °C]. In the trial situation due to the high equipment price of compressors.
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Fig. 5. Results of repetitive control for a set point change to [690 °C Fig. 6. Results of repetitive control for a set point change to [690 °C
655 °C]: (a) two controlled bed temperatures during the Re- 660 °C]: (a) two controlled bed temperatures during the Re-
gen operation, (b) and (c) bed temperature and input pro- gen operation, (b) and (c) bed temperature and input pro-
files, respectively, after the cyclic steady state is reached. files, respectively, after the cyclic steady state is reached.
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In Fig. 5, the response of the bed temperatures at z=0.2, 0.4 and
input changes to the first set point change are shown. Fig. 5(a) re-
presents the two controlled bed temperatures at the terminal time
of Regen operations. It can be observed that the outputs settle on
the respective set points in around nine cycles. Figs. 5(b) and 5(c)
show the bed temperature and input profiles, respectively, after the
cyclic steady state is reached.

In Fig. 6, output responses to the second set point change are
shown. In this case, compared to the first set point change, only the
second bed temperature (at z=0.4) is forced to increase by 5 °C more.
In this case, the bed temperatures are subject to some overshoot but
settle in around 11 cycles of operation. The resulting transient peri-
ods are only typical ones and they can be shortened or lengthened
by the weighting matrices in the quadratic objectives and also the
covariance matrices for the Kalman filter.

CONCLUSIONS

Through this study, a model-based repetitive controller has been
proposed and applied to a numerical CATOFIN process in the course
of developing an on-line optimizer for the CATOFIN process, where
optimizing the reactor operating conditions overcoming catalyst
deactivation is important. It was assumed that the bed temperatures
are controlled by manipulating the flow rate and temperature of com-
bustion air for decoking, A repetitive control algorithm has been de-
vised to minimize a quadratic error criterion using a physical model
of the CATOFIN process. Thanks to the period-wise feedback, the
proposed controller showed quite satisfactory performance against
set point changes and model uncertainty.
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