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Abstract

The paper presents a method for design of robusbitollers for systems with interval
parametric uncertainty. The proposed method iscbaseplotting the stability boundary locus

in the plane of controller parameters that is cIa(IqJ,ki)- plane. The designed approach is

verified by simulations of control of the continuostirred tank reactor (CSTR) with
hydrolysis of propylene oxide to propylene glychhe reactor has three uncertain
parameters: the reaction enthalpy, the pre-exp@idactor in the reaction rate constant and
the overall heat transfer coefficient. The coninplut is the volumetric flow rate of the

coolant and the controlled output is the tempeeatiithe reacting mixture.

Keywords: chemical reactor, Pl controller, robust controteival parametric uncertainty

Introduction

Chemical reactors are ones of the most importamttplin chemical industry Mikles and

Fikar (2007). Their operation, however, is influeddy many different problems. Some of
them arise from varying or not exactly known parterg as e.g. reaction rate constants or
reaction enthalpies. In other cases, reactors maveple steady-states and their operating
points vary. Various types of disturbances alsedfbperation of chemical reactors. All these
problems can cause poor control response or egabitity of classical closed-loop control
systems. Application of robust control is one walydvercoming all these problems
(Alvarez-Ramirez and Femat,1999, Gerhard, 2004pBaka et al., 2008, BakoSova et al.,
2009).
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In this paper, a simple method for design of rolitistontrollers is presented (Tan and Kaya
2003). The method is based on plotting the stgblitundary locus in the plane of controller

parameters that is calle(kip,ki)-plane. Then, parameters of a stabilizing P| ciler are

determined from the stability region (Zavacka e28l09). The PI controller stabilizes a
controlled system with interval parametric uncetgiwhen the stability region is found for
sufficient number of Kharitonov plants (Barmishaét(1992).

The described approach is used for design of astdPl controller for a continuous
stirred tank reactor with hydrolysis of propylenade to propylene glycol that can be
modelled in the form of a transfer function withrg@etric interval uncertainty. The reactor
has three uncertain parameters: the reaction g@yththle pre-exponential factor in the
reaction rate constant and the overall heat tragskefficient. The control input is the
volumetric flow rate of the coolant and the corn&dloutput is the temperature of the reacting
mixture. A mathematical model of the reactor hasnbeerived in the form of thé"rder

transfer function with interval polynomials in thamerator and the denominator.

Theoretical

Robust PI controller design

Consider a single-input single-output (SISO) colrglystem shown in Fig. 1, where
N(s)
G(s) =—= 1
(s) D(s) 1)
is the plant to be controlled a@s)is a Pl controller in the form

. kys+k
C(9 =k, + 4 = 65T
S S

(@)

i.,{:’_ ﬁt] e—.,, C (S) S -~ -] G ( S) | Y I

Fig. 1. Control system
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The problem is to find the parameters of the Ptrcdler (2) that stabilize the system in Fig.
1, wherew is the set poing — the control erron) — the control input ang— the controlled
output.
Decomposing the numerator and the denominatompatyals in (1) (Tan and Kaya,
2003) into their even and odd parts, and subsigustF j«, wherewis the frequency, gives
(—wz)+jaj\lo(—a12) (3)
(-e?)+ jeD, - )
The closed loop characteristic equation can beewriis
A(ja) = |k N (- &)=k e?N (- a? ) - o?D, - o2 )| +
+ il (- 67 )+ ka, (- o)+ aD (- o) = 0

. N,
G(jw) = 5

e

(4)

Then, equating the real and the imaginary part&pfcw) to zero, one obtains

ko[- &N, (- 7 )]+ (N[~ 7)) = 7D, (- o) )
and

o (Nel= 7 )+ (N, (- a7)) = -D.(- o) (6)
Let

(7)

Then, (5) and (6) can be written as
ka(a) +k G(a) = I(«)

H(@)+ k1 (@)= K (@) (8)

From (8), parameters of the PI controller (2) are

_ (@) (a)-K(a)5(a)
" Flw){w)-GlwH ()

9)

and

(10)
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Solving these two equations simultaneouslydar0, the set of parameteks andk; is
obtained. Then, it is possible to plot the dependeafk; onk,, and the stability boundary
locus| (kp,ki ,a)) in the (kp,ki)-plane is obtained. The stability boundary divities

parameter plane into stable and unstable regidmes stability region is found by the choice of
testing points inside the regions.

The method is very fast and effective, but onebj@m consists in finding a proper
interval of frequencys. However, the Nyquist plot (MikleS and Fikar, 20@&n be used for
o rating. It is only necessary to find real valuéswothat satisfy condition

Im[G(jw)] = 0. (11)

All found stability regions represent values oé thl controller parameters for which
the given controlled plar@®(s) with interval parametric uncertainty is Hurwitiakle.

Consider a feedback control system (Fig. 1) with Bt controller (2) and the interval
plant
N(s,b) _b,s" +b, ,s™" +---+b,

G(s,b,a) =
( ) D(s,a) a,;s"+a _,s" +--+a,

(12)

where b O b[,b,*] , i=0,1,2,....m, and a, D[aj‘ ,a}J , 170,1,2,...,n Let the Kharitonov
polynomials associated witk(s,b) andD(s,d are (Barmish, 1994):

N,(s)=b; +b s+b}s® +b;s® +...

N,(s)=b; +bs+b;s? +b;s® +...

(13)
N,(s)=b; +bs+b;s® +bjs® +...
N,(s)=b; +bs+b/s? +b;s® +...
and
D,(s)=a; +as+a;s’ +a;s’ +
D,(s)=a +a's+a,s’°+a,s’ +
Dz )=a; +ajs+a;s’ +ag (14)

D,(s)=a; +a's+ajs’ +a;s’ +...
By taking all combinations of thii(s) andDj(s) for i, j = 1,2,3,4, the following family of

sixteen Kharitonov plants can be obtained

Gy (s)=G; (s) :Ni—(s) i,j=1,2, 3, 4;K=1, ..., 16 (15)

D;(s)’
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Define the se§;(C(s)Gjj(s) that contains all values of the parameters ottrgrollerC(s)
that stabilizeG;(s). Then the set of all the stabilizing parameterthefPI controller that

stabilize the interval plant (12), can be written

S(C(S)GK (S)) = S.Ll(C(S)Gn(S)) n S.Lz(C(S)Glz (S)) NN 844(C(S)G44(S))- (16)

Experimental

The continuous stirred tank reactor for hydrolysipropylene oxide to propylene glycol
(Molnar et al., 2002, BakoSova et al., 2009), wassen as a controlled process. The reaction
is described as follows

C;H,0+H,0 - C;H,0, (17)
The reactor is fed with propylene oxide, methamal water. Methanol is added to improve
the solubility of propylene oxide in water. The egs of water provides higher selectivity to
propylene glycol and eliminates consecutive reastiaf propylene oxide as a key
component. Dependence of the reaction rate constatfite reacting mixture temperature is
described by the Arrhenius equation

E

k=k_e & (19)

wherek,, is the pre-exponential factdg,is the activation energR is the universal gas
constant, and; is the temperature of the reacting mixture.

Assuming ideal mixing in the reactor, constanttieg volume, and the same
volumetric flow rates of the inlet and outlet stresa the mass balance for any species in the
system is

dc. .

V=0, (co-c,)+vyr, =123 (20)
whereV, is the reacting volume; is the molar concentration of th¢h componentg is the
feed molar concentration of tiith componentg; is the volumetric flow rate of the reacting

mixture, v is the stoichiometric coefficient of tiieh componenty =k ,, , is the molar rate

of the chemical reaction.

It is assumed further that the specific heat cipacdensities and volumetric flow rates
do not depend on temperature or mixture composiéiad also the heat of mixing and the
mixing volume can be neglected. The simplified aiji balance of the reacting mixture

used as a standard in reactor design (Ingham, d19814) is
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dT,
Vrlorcprd_tr :quorcpr (TI'O _TI’)_UA(TI' _TC)+VI' (_4H)r (21)

and the simplified enthalpy balance of the coohmedium is

dT,
chccpcd_tC =qc10ccpc (Tco - Tr ) + UA(Tr - Tc) (22)

whereT is the temperature,is the densityg, is the specific heat capacityH is the
reaction enthalpy is the overall heat transfer coefficieAtis the heat exchange area. The
subscripts denote: 0 the feedhe cooling medium, andthe reaction mixture. The values of

constant parameters and steady-state inputs oé#otor are summarized in Table 1.

Table 1. Constant parameters and steady-statesiopthie chemical reactor

parameter value steady-state input value
Vi/m?® 2.407 a/(m*min™) 0.072
Vo/m? 2.000 ad/(mmin™) 0.6307
ol(kg m) 974.19 Ti/K 299.05
od (kg m®) 998 TolK 288.15
Cer/(kJ kg' K ™) 3.7187 Cr cm0 /(Kmol m®) 0.0824
crol(kJ kgrK™) 4,182 Ct 0, [(kmol i) 0
A/(kJ mintK™ 8.695
(E/R)/K 10183

Model uncertainties of the reactor follow from flaet that there are three physical
parameters in this reactor: the reaction enthdlmypre-exponential factor and the overall
heat transfer coefficient, the values of which vaithin certain intervals (Table 2). Nominal
values of these parameters are the mean valuls aftervals and they are used to derive the

reactor nominal model.

Table 2. Uncertain parameters in the CSTR

parameter minimal nominal maximal
ArHI(kJ mott) ~ 551x10° — 546x10° — 541x10°
k,, /(min™) 2.5867x10" 2.8267x10" 3.0667x10"
U/(kd min* m? K™Y 13.0 13.8 14.6
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Results and Discussion

For controller design, the mathematical model ef¢bntinuous stirred tank reactor with three
uncertain parameters (Table 2) is obtained in o fof a transfer function

G(sba)= agb;f:’azbj-;’ 12)1% - 23)
where coefficients in the numerator polynomial #meldenominator one lie in following
intervals: b, O[-0.0297, - 0.024(, b, 0[-0.0203-0.0129, b, O[-0.000584 - 0.000344,

a, 1[0.55680.9369, a, 1][0.0908 0.2439, a [1[0.0056 0.015(, a, 1[0.0000990.000254.

Then sixteen Kharitonov plants are created fordaetor and described approach is used for
robust PI controller design. The design approa@xpained for one of 16 Kharitonov plants.

Consider the second Kharitonov plart], j=2)
-0.02405° - 0.02035 - 0.000584

S)= 24
GlZ( ) s*+05568° +0,0908° + 0,0150 + 0,000254 (24)
Equations for calculation of PI controller paramgt@®), (10) lead to
— 4 —
_a3w4+a1a]2+bla)2 a4a) +a‘2a]2 aO
k = by =0, (25)
. 2
-b,?+ 15 by +b,
b —b,a®
and
—a o) —a -
= a,w* +a,0’ 2a0 b,k (26)
b, —b,w

Since Im[G,,(jw)| =0 is satisfied fore = 0. 4123ad &', it necessary to plot the stability

boundary locus fowD[0,0.412@. The stability region ok, andk; is shown in Fig. 2.

a2

004 1 Srability region for G (sh

-1 08

-0.1

-4 3 2 - 0
K
i

Fig. 2. Stability region fo6;(s)
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The same approach is used to find stability regfonsther Kharitonov plants, and the
resulting stability region for robust PI controljgsrameters is found as the intersection of all
stability regions. Fig. 3a) shows stability regidoand for sixteen Kharitonov plants and Fig.

3b) represents zooming of the intersection of tleg@ns.

2 ; ; ; ; 005

aj b
0 . o
. w? of .
B -
’_,.s-;::;;'f 005 X
4 =7
™
e A 2
B - -0.1
.—"f.
8 015
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Fal _CI.E I;.'
12 :
=100 a0 &4 :Cl =20 { 20 4 2 2 i 0
fri (&

Fig. 3. a) Stability regions for sixteen Kharitongiants, b) zooming of intersection of
stability regions

The parameter, andk; of the PI controller are chosen from the robuabiity region
shown in Fig. 3b) and the designed PI controlletescribed by (27)

k,s+k _-12s-003

C(s) =— < (27)

S

The robust stability of the closed loop with Pl totler (27) is tested using
Kharitonov’'s theorem (Kharitonov (1978). The resaflthis test is that the closed loop with
the interval planG(s,b,d (23) and the PI controll€Z(s) (27) is robustly stable.

The designed robust PI controller (26) is compavild the classical Pl controllers
tuned by the Stejc method and the Ziegler-Nichashmd (BakoSova et al. (2003). The
controllers were designed for nominal system (ZBg transfer functions of the PI controller

tuned by the Strejc method is

1 1
Cq(S) = Zg|1+— |=-0.3688 1+ ——— 28
(9 R( T, sj E( 13.80845) (28)
and the PI controller tuned by the Ziegler-Nichwolsthod is
Coo(8)= 2|14 -1 ——1852({1+;j (29)
= T Ts ' 16.7965%
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Integral absolute error (IAE) criterion (MikleS aRikar (2007) is one of the most used
criteria for judgement of control performance qtyaéind so it is used for comparison of all Pl
controllers. Obtained results are presented inerabbr system®; — Pg and the nominal
systemP,. Systemd?; — Pgrepresent all nonlinear models of the reactor (2@)-that are
created for all combinations of boundary valuethoée uncertain parameters. The nominal
systemPyis the nonlinear model created for mean valuesoétain parameters. These

nonlinear models are used as controlled processg#mulation experiments.

Table 3. IAE for designed PI controllers

System Robust PI controllerZiegler-Nichols PI controller Strejc Pl controller

P1 2803 540.0 420.7
P2 2803 540.0 420.7
P3 2044 28738 278 .2
P4 2044 28738 278.2
Ps 308.2 566.5 486.1
Pe 3082 566.5 486.1
Pz 206.0 324 .8 2969
Ps 2060 324 8 2969
Po 2324 3104 296.2

It is seen from Table 3 that using the robust Pitimsler and the PI controller tuned
by the Strejc method leads to the smaller IAE thging the Pl controller tuned by the
Ziegler-Nichols method. Using the Ziegler-NicholscBntroller gives the worst control
responses, and so only the control performancesraat using robust and the Strejc Pl
controllers are presented. Fig. 4 shows contrgiareses obtained for the nominal systesn
Control responses of systefswith minimal values of IAE are presented in Figabd Fig.
6 shows control responses obtained for the syBtewith maximal values of IAE. The
control inputs are depicted in Fig. 7.

Both tasks, the setpoint tracking and the disturbaejection are solved by
simulations. The setpoint changes at 0 min from3K7to 381.5 K, at 500 min to 383.5 K
and at 1000 min to 379.5 K. The disturbance is ggad at 1500 min and is represented by
the change of the inlet temperature from 299.0 BG2.0 K.
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Fig. 4. Control responses of the nominal sysimwith a) robust Pl controller, b) Strejc PI
controller: set point (...), controlled output (-)
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Fig. 5. Control responses of systems with mininzligs of IAE obtained using a) robust Pl
controller, b) Strejc PI controller: set point (..chntrolled output (-)
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Fig. 6. Control responses of systems with maxinadles of IAE obtained using a) robust PI
controller, b) Strejc Pl controller: set point (..chntrolled output (-)
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Fig. 7. Control inputs generated by a) robust Ritsler, b) Strejc PI controller: nominal
system (---), system with minimal IAE (- - -), sgst with maximal IAE (-.-.-)

Conclusion

In this paper, an approach for design of robustd®trollers is presented. The method is
based on finding the stability boundary locus i@ piane of controller parameters. The
designed robust PI controller is used for simutaté control of an exothermic CSTR with
three uncertain parameters. The results obtainedtayst Pl controller are compared with
results obtained by two PI controllers tuned usilagsical methods: Ziegler-Nichols and
Strejc ones. Both, the setpoint tracking and tseudbance rejection are investigated.
Presented simulation experiments confirm thatedighed Pl controllers are able to control
the reactor with uncertainties. After comparisohA# criteria and simulation results, it can

be stated that the designed robust Pl controléatddo the best results.
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