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Process Identification of Open-Loop Unstable Systems 

Frequency response information plays a vital role in the de- 
sign of process control systems. This information can be de- 
veloped from a dynamic mathematical model or from experi- 
mental tests on the plant itself. Among the experimental tech- 
niques, step testing and pulse testing are the most widely used 
for dynamic identification. A review of literature revealed many 
applications of the pulse and step testing method for identifica- 
tion of the open-loop stable processes (for example, see Cle- 
ments and Schnelle 1963, Hougen 1964, Schorkand Deshpande 
1978). But there appears to be no published information on 
experimental methods for identifying open-loop unstable proc- 
esses. Instead, investigators have relied on dynamic mathemati- 
cal models to obtain the open-loop transfer functions (for exam- 
ple, see Hopkins 1976). Of course, this is understandable, since 
experimental open-loop tests on such processes are not desira- 
ble. 

An important example of an open-loop unstable system is an 
exothermic chemical reactor. In this case, a decreased heat 
transfer rate, accomplished by changing the rate ofcoolant flow, 
increases reactor temperature at which the reaction rate is 
higher which further increases the temperature. Thus, the sys- 
tem is open-loop unstable. The system can be stabilized by 
providing sufficient feedback by means of a controller. To de- 
termine suitable tuning constants for this controller, the open- 
loop transfer functions must be available. These tuning con- 
stants can be obtained if a dynamic model of the open-loop 
system is available. But in the absence of kinetic data, theoreti- 
cal deveploment of the model is not feasible. 

The object of this work is to describe a novel technique for 
dynamic identification of open-loop unstable processes. The 
technique has been applied to a commercial exothermic chemi- 
cal reactor which is used in the manufacture of a polymer. The 
method yields an approximate transfer function of the open-loop 
process, and is helpful in developing suitable tuning constants 
for the feedback controller. 

THE METHOD 

The block diagram of a typical exothermic reactor control 
system is shown in Figure 1. The reactor is assumed to have a 
transfer function arising from a first-order lag plus dead-time 
model. The form chosen for the transfer function is typical for 
many polymerization systems. 

Our objective is to  identify the open-loop transfer function 
and also the parameters of the reactor inodel. We assume that 

OOO1-15414030974305-$00.75. The American Institute ofchemical En@ 
neers, 1980. 

PRADEEP B. DESHPANDE 
Chemical 8 Environmental 

Engineering Department 
University of Louisville 

Louisville, KY 40208 
the dynamics of the measuring element and the final control 
element are known and can be expressed as 

where 
k T  = transmitter gain, psilo, 
TT = transmitter time constant, min. 

and 
k r  

7,s + 1 
G,(s) = ___ 

where 
k,. = valve gain cal/hr/psi 
T~ 
The closed-loop transfer function of the system of Figure 

= valve time constant, min. 

changes in set point is given by 

For simplicity Equation (3) is written as 

(2) 

1 to 

(3) 

(4) 

where G(s)  is the product of the transfer functions in the 
numerator of Equation (3). 

The application of the present method requires a unity feed- 
back on the closed-loop. Therefore, the block diagram of Figure 

Reactor Loads 
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Figure 1. Block diagram of the reactor control system, 
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Figure 2. Block diagram of equivolent reactor control system having a unity 
feedback. 
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Figure 3. Cascade system for control of temperature. 

1 is rearranged as shown in Figure 2. The closed loop transfer 
function relating T' (s )  to R(s) is 

(5) 
T ' b )  - G(s) H(s) -- 
R(s) 1 + G(s) H(s) 

and since 

The relationship between T'(s)/R(s) and T(s)/R(s) is 

(7) 

Equation (7) suggests that if the closed-loop frequency response 
diagram of T(s)/R(s) is available, then the closed-loop frequency 
response diagram of ?"(s)/R(s) can be prepared according to 
Equation (7), provided H(s)  is known. Thus, 
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Figure 5A. Frequency response diagram-amplitude ratio plot. 
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Figure 4. Input/output records from pulse test. 
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Figure 56. Frequency response diagram-phase angle plot. 
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TABLE 1. TUNING CONSTANTS 

Proportional Reset, Derivative Time, 
Band, % Minutes Minutes 

Secondary 
Controller 25 0.1 
Primary 
Con troller 

Existing 
constants 10 50 2 
Ziegler-Nichols 
settings 4 7.48 1.87 
Luyben’s 
settings 25 -not recommended- 

Each value of the closed-loop magnitude ratio, M and the phase 
angle, a corresponds to a unique value of the open-loop mag- 
nitude ratioA and the phase angle 8. Knowing M and afrom the 
closed-loop tests, A and ecan be obtained from the Nichols chart 
(James et al., 1947). It may be noted that 

A = IGc(iw)l IGc(io)I IG,(iw)I IH(iw)I 

and (9) 
0 = Q G,(io) + Q G,(io) + Q G,(iw) + Q H ( i o )  

The closed-loop tests are performed with a particular set of 
tuningconstants implemented on the feedback controller so that 
IGc(io)l and < G,(iw) are available. Therefore, the only unknown 
is G,(io), which can be obtained by graphical manipulations on 
the Bode’ plot of A and 8. 

Further, if only the open-loop, composite Bode’ plot of the 
elements G,(s) G&) H(s) ,  is desired for controller tuning pur- 
poses, it can be easily obtained by taking away the contributions 
of the controller element, G,(iw), from the Bode’ plot ofA and 8. 
Then, the suitable tuning constants can be obtained by Luyben’s 
method (Luyben and Melcic 1978). 

The closed-loop frequency response diagram of T/R(iw) is 
prepared from a pulse test. With the process operating in auto- 
matic (the tuning constants for the controller are determined by 
trial and error and are not necessarily the best ones), a pulse of 
predetermined magnitude and duration is introduced into the 
set point of the feedback controller (R in Figure 1) and the 
transient closed-loop response (T in Figure 1) as well as the input 
pulse are recorded. The input-output data are analyzed by 
Fourier transforms to generate the closed-loop frequency re- 
sponse diagram (Luyben 1973). 

PLANT RESULTS AND DISCUSSION 

In this particular plant installation, there are frequent distur- 
bances in the supply pressure and temperature of the coolant as 
there are multiple users of the coolant which require varying 
amounts of cooling. Therefore, the control loop employed is a 
cascade loop instead of a simple feedback loop for control of 
temperature. The block diagram of the cascade control system is 
shown in Figure 3. 

The cascade control system introduces additional elements 
into the control loop, and the application of the technique 
described in the previous section to extract a reactor model is 
somewhat more difficult. However, the inner loop is still poten- 
tially open-loop unstable, and our method can be  applied to 
develop the open-loop frequency response diagram of the outer 
loop with the inner loop in automatic. The controller tuning 
constant for the inner loop were selected according to the 
guidelines of Shinskey (1967). The tuning constants for the 
Master Controller were essentially selected by the plant 
operator. 

With both loops operating in automatic, a pulse of predeter- 
mined magnitude and duration was introduced into the set point 
of the master temperature controller, and the response of tem- 

perature was recorded. The inputloutput records of the pulse 
test are shown in Figure 4. The frequency response diagram of 
the closed-loop resulting from these records is shown in Figure 
5. In this plant installation, the lag of the temperature transmit- 
ter (H(s)  in Figure 3) turned out to be negligible. Numerous 
values of the closed-loop amplitude ratios M’s and phase angles 
a’s are used in conjunction with the Nichols chart to obtain open 
loop magnitude ratios (note that this open-loop includes the 
closer inner loop) and phase angles. These include the contribu- 
tion of the primary controller. The frequency response diagram 
of the open-loop system and the controller are also shown in 
Figure 5. Graphical subtraction of the contribution of the con- 
troller from the open-loop Bode plot gives the Bode plot of the 
open-loop system, with the closed inner loop, without the con- 
troller as shown in Figure 5. 

The Ziegler-Nichols tuning constants (Ziegler and Nichols 
1942) developed from Figure 5 and those recommended by 
Luyben (1978) are shown in Table 1. The proportional band 
which the operators had chosen lies between the Ziegler- 
Nichols value and the one recommended by Luben. The deriva- 
tive times existing on the coptroller are approximately the same 
but the integral times are quite different. The integral time on 
the controller was reduced to 10 minutes as a result of these 
observations Subsequent experience has shown that the new 
tuning constants are adequate. 

CONCLUSIONS 

Presented here is a useful technique for process identification 
of potentially open-loop unstable systems. The method should 
be a valuable tool for the control system design of exothermic 
chemical reactors. 
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NOTATION 

= open-loop amplitude ratio 
= transfer function 
= transfer function of temperature transmitter =m 
= gain 
= closed-loop amplitude ratio 
= period, 2.rrlwC,, timelcycle 
= temperature set point 
= laplace transform variable 
= temperature 
= variable in equation 5 

Greek Letters 

o = frequency, rad iad t ime 
a 
e 
7 = time constant, minutes 

= closed-loop phase angle, degrees 
= open-loop phase angle, degrees 

Subscripts 

C = pertaining to controller 
co 
d = delay, seconds 
I = pertaining to controller 
p = pertaining to process 
U 

= pertaining to cross-over frequency 

= pertaining to ultimate gain 
U = pertaining to valve 
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The universal velocity profile developed by Nikuradse (1932) 
is used extensively to calculate velocity profiles. However, the 
velocity gradient predicted does not go to zero at the pipe 
centerline, and the integrated velocity profile and resulting 
friction factor equation do not agree with the universal law of 
friction of Nikuradse (1932). 

Here, we suggest a new model profile, similar to that of Bogue 
and Metzner (1963). This model differs from others in that the 
parameters are adjusted so that the centerline velocity gradient 
is zero, and further, when the model is integrated, the universal 
law of friction is obtained. 

A modified dimensionless velocity u+ in the turbulent core 
may be expressed by adding the correction function h(q) to the 
universal velocity profile to yield 

(1) u+ = - [In y+ + h(q)J + B 

where y+ is the local Reynolds number and q is the dimension- 
less radial distance from the pipe wall. The parameters K and B 
are constants. A definition ofh(7) suggested by Hinze (1975) is 

1 

K 

In this form Bogue and Metzner suggestC = O.OS(Z.O/f)% and 4 
= 0.15/2.0. But introducing the friction factor into Equation (2) 
will not allow the velocity gradient at r] = 1 to be zero unless the 
constant K is replaced by a function of the Reynolds number. 
Dependence ofK on Reynolds number was not found by Schlict- 
ing (1965) who tested the friction factor data ofvarious investiga- 
tors with the universal law of friction. 

Here, two boundary conditions are used to evaluate as con- 
stants C and u in Equation (2). First, requiring the centerline 
dimensionless velocity gradient to be zero implies 

(3) 
0.2c -0.02 

h‘(1) = - - d! exp[ = -1 
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Solving for the parameter C 

c = 5 2  exp[ 7 - 1  0.02 
(4) 

A second condition comes from Ross’s (1953) analysis of 
Nikuradse’s velocity data. Ross plotted the velocity data as a 
straight line on a semi-logarithmic graph up  to q equal to 0.15, 
where deviation from the universal velocity profile occurred, 
and extrapolated the curve until it attained the value ofu+ = 1 .O, 
obtaining 

u+(actual)l,= 1 = 41;I7l=1.38+0.04 = 1.0 
(5) 

(6) 

where 

1 
u,t = 7 In(qRe*) + B 

Equation (6) represents a general form of the universal velocity 
profile. The product of 17 and Re* equal y+. Equating u+ from 
Equation (6) evaluated at 71 = 1.38 * 0.04 withu+ from Equation 
(1) evaluated at q = 1 gives 

h(1) = ln(1.38 * 0.04) (7) 

Substituting Equations (4) and (7) into Equation (2) at q = 1 and 
taking the square root yields 

u = 0.254 (8) 

C = 0.439 (9) 

Equation (4) is then used to find 

The dimensionless velocity profile in the turbulent core is then 

u+ = -[In 1 y+ + .439 exp [ - (y2$8)2] + B (10) K 

Before theconstantsKandB can befoundthequantity(u+(q= 1 
- u+) is area averaged over the pipe cross-section 
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