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Developing a Successful Control Strategy — A Case Study
Let’s consider the pathway to a successful control strategy using the following case study.

Current Status

Good control of the Reactor Feed temperature is critical because of its impact on product
quality. Plant management has decreed that the TC3 variability should be less than 2% of
mean.

The current control strategy is straightforward and inexpensive. The reactor feed
temperature controller TC3 adjusts the steam flow to the heat exchanger by directly
adjusting the steam flow control valve.
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Currently the TC3 variability in Auto mode is too high — over 5 % of mean. The majority of
the variability is a result of 3 disturbance cycles. The reactor feed FT1 cycles at a period of
2000 seconds, the steam flow FT2 at 500 seconds and the Inlet Temperature TT1 at 1000
seconds.
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TC3 variability in Auto mode

We place the TC3 controller into manual mode to understand the impact of the control
action. We are disappointed when we discover that the variability in manual mode is 5.2% of
mean — the same as Auto mode. The power spectrum analysis indicates that the 2000
second cycle is more dominant in manual mode, the 500 second cycle less dominant. The
TC3 control action is increasing steam flow (FT1) variability without reducing temperature
variability.
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TC3 variability in manual mode

Investigating TC3 control performance

Before making changes to the control strategy, we conduct open loop bump tests to
determine if the TC3 feedback control performance can be improved. The results indicate
that the TC3 process dynamics are relatively slow and include 40 seconds of deadtime.
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TC3 open loop bump test

TC3 open loop response to a Reactor Feed step

Based on these dynamics we choose a Lambda value of 120 seconds and calculate the
tuning constants. To our chagrin, we find that the current tuning is not significantly different
from our proposed tuning. We test the new tuning by stepping the reactor feed rate and
observing that it takes TC3 approximately 7 minutes to recover fully. We remember the
formula for the controller cutoff period and realize that even with the new tuning, TC3 is too
slow to respond effectively to the 500 and 1000 second disturbances. In fact it will likely
amplify the 500 second disturbance. The limitations of the TC3 feedback controller are
starting to sink in!
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Moreover, we realize that the TC3 process dynamics will be highly non-linear. The process
gain and the deadtime will decrease as the reactor feed rate increases. If we try to speed up
the tuning significantly we risk destabilizing the controller at low reactor flow conditions. The
open loop bump tests have also revealed 1% stiction in the temperature control valve. This
stiction will contribute a slow limit cycle (period of approximately 1000 seconds) in TC3.
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Modifying the control strategy to reduce TC3 variability

After conducting a process control survey we conclude that we won’t be able to eliminate
the disturbances for the for-seeable future. It’s time to consider control strategy options that
may help us in achieving our TC3 variability target of 2% of mean.

Control Option 1 —Implementing a Temperature to Steam Flow Cascade Strategy

The 500 second steam header (FT2) cycle appears to be responsible for approximately 30%
of the overall TC3 variance. And our analysis has shown that the TC3 controller will amplify
500 second disturbances.

A cascade strategy where the TC3 controller adjusts the steam flow controller (FC2)
setpoint rather than the control valve — might be in order. The FC2 controller has fast
dynamics (and no deadtime). A reasonable lambda value for this loop would be 5 seconds —
fast enough to respond to a 500 second disturbance cycle - effectively shielding TC3 from
the disturbance.
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The FC2 controller would also be responsible for dealing with the 1% control valve stiction.
The fast FC2 controller will drive through the stiction very quickly — generating a fast steam
flow cycle that should have little impact on Reactor feed temperature. Furthermore, the
cascade strategy will linearize the TC3 process gain to some extent since a 1% step in the
TC3 output will always produce a consistent steam flow change.
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Shows a Temperature to Steam Flow cascade strategy

We implement the cascade strategy and find that the TC3 variability has been reduced from
5.2% to 3% of mean. The 500 second cycle has virtually disappeared and the 2000 and
1000 second cycles are substantially smaller. Management is very pleased with the
reduction in product quality losses.

There were some costs in implementing the cascade strategy. We purchased a vortex flow
sensor and hired a consultant to develop the DCS configuration. We spent time tuning the
TC3 and FC2 controllers - which needed to be properly coordinated. Most importantly, the
operators were trained to understand (and use) the new strategy.

[ eroion Reactor Feed temperature variability Cascade strategy TC3in Auto Model FC2in Cascade 27204 1:15 PI stz Reactor Feed temperature variability Cascade strategy TC3 in Auto Mode! FC2 in Cascade 3712016 1:12 PM
e Reactor Feed Temperature 7m0 T05m
] 1e3 pv3.esd A
Teapy
s20000- AUTO
£1.0000 Mean: 43,8580
<0.0000] % 25igma: 3.03152
49.0000-
475000 ; ; ; ; ; ) ; : ; )
o0 10000 20000 30000 40000 50000 60000 70000 80000 90000 99700 Seconds
neal Resctor Feed Temperature 015 105
] c3_pvz.csd vl
e3PV
20081 AlTo
1501 Wean: 49,9980
% 2Sigma: 3.03152
1.008-1-
<.00e.2
4000 3000 000 25000 20000 15000 10000 so0.0 100 Seconds
Dec Resctor Feed Temperature 7016 105 00
103 py3.csd i
— T 45000°  Steam Flow to HEX Reactor Feed Flow Inlet Feed Temp Reactor Feed Temp
Al
ao00] A [ , . , , , , , , : j Stats:
s 00 10000 20000 30000 40000 50000  6000.0 70000 80000 90000 99700 ey
ioma: 2.0315:
40.000-{ File Nlame Seconds  Date  Time Description Mean % 2Sigma
20000+ Stats: te3_pv3.csd [N/ 372016 1:0521pm  Reactor Feed Temperature 49:9990
exents | | fe2_pva.cse 3712016 1:0521pm  Steam Flow to HEX 185891 6
o . - s . . . . f1_pv3.csd 3712016 1:05:21pm  Reacor Feed Flow 50,0065 853363
40000 3000 30000 25000 20000 15000 10000 s00.0 100 Seconds

TC3 variability with the cascade strategy implemented. The variability has decreased
from 5.2% to 3% of mean.
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Control Option 2 —Implementing a Cascade Ratio Strateqy

We are still above our TC3 variability target of 2% of mean. Approximately 80% of the
remaining variance is a result of the 1000 and 2000 second cycles in TC3. It's important to
remember that while the FC2 steam flow controller is a shield against steam header upsets,
the slow TC3 controller is still responsible for all other disturbances. Even after retuning, the
TC3 controller is only capable of attenuating 75% of the 2000 second cycle — and almost
none of the 1000 second cycle.

We energy balance the heat exchanger and realize that keeping the steam to reactor feed
ratio constant will keep TC3 relatively constant when the Reactor Feed flow is changing.
Accordingly, we design a cascade ratio strategy where the TC3 controller adjusts the steam
to feedrate ratio (i.e. kg steam/kg feedstock) target rather than the steam flowrate target.
The ratio target from TC3 is multiplied by the reactor feed flowrate (FT1) to calculate the
steam flowrate (FC2) setpoint. A reactor flowrate change will result in an immediate change
to the steam flow setpoint. The FC2 controller will quickly bring the steam flowrate to the
new target, maintaining the steam to reactor feed ratio constant and minimizing the impact
on TC3.
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Ratio strategy results in immediate steam flow response to Reactor flow change

We get an added bonus. The cascade ratio strategy linearizes the TC3 process gain with
respect to reactor flow. TC3 is now adjusting the ratio target rather than the steam flowrate.
If the reactor flow feedrate is relatively high, a 1% TC3 output step will result in a relatively
high steam flow setpoint step. Conversely if the reactor flow feedrate is relatively low, a 1%
TC3 output step will result in a relatively low steam flow setpoint step. In either scenario the
steady state temperature change to the 1% output step will be relatively constant. The more
linear TC3 process gain will permit faster TC3 controller tuning.

We implement the cascade ratio strategy and find that the TC3 variability has decreased
from 3% to 2.3% of mean. The 2000 second cycle has been virtually eliminated. The
dominant TC3 cycle is at a period of 1000 seconds — accounting for 75% of the remaining
variance.



There were further costs in implementing the cascade ratio strategy. An accurate reactor
feed flow sensor was installed and further operator training was conducted. But we are

getting close to the 2% variability target.
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TC3 variability with the cascade ratio strategy implemented. The variability has

decreased from 3.0% to 2.3% of mean.

Control Option 3 —Implementing a Cascade Ratio with Feedforward Strategy

The Inlet Feed Temperature to the Heat Exchanger TT1 is the source of the almost 2 Deg C
1000 second cycle in TC3. Unfortunately, the TC3 feedback controller is almost completely
ineffective in attenuating this disturbance. We need another approach. The energy balance
showed that the steam to reactor feed ratio versus inlet temperature relationship was linear.
We can set up a feedforward controller to automatically adjust the steam to reactor feed
ratio when the inlet feed temperature changed. A decrease in TT1 would result in an
immediate increase in the Steam to Reactor Feed ratio. An increase in TT1 would result in
an immediate decrease in the Steam to Reactor Feed ratio.
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The ratio strategy compensates immediately
for Feed flow variation.

We implement the Feedforward strategy. The amplitude of the 1000 second cycle has been
reduced by 75% and the variability has now dropped from 2.3 to 1.4% of mean.



While this strategy is more expensive, it is focused on delivering low variability in the key
process variable (TC3), responds effectively to the major disturbances, and delivers consistent
control performance over the entire operating range. We have met our target!

h Reactor Feed temperature variability Cascade Ratio with Feedforward strate
mmmmm Reactor Fesd temperature variabiity Cascade Ratio with Fosdforward strategy ot sosem ™ i " & $7i2018 3108 Pt
. Reactor Feed Temperature o016 2.43pm .
, ! :
il 75.000
s2.0000-| AUTO
s1.0000-| ean: 49,9935
i 23000
40,0000 200
aramo) : ; ; ; ; 3 ; ; ;
wesg Reactor Feed Temperature w2010 2.450m 50000 |f " " b A ! "H
h wpees 7] 2100 W i A | |
TeRY e ] h i i
1s0e ] Wean: 49,9938
% 2Sigma: 1.48277 47500
1.008-1-| 15000
60.000
s.00e.2-|
hegcW00 00 w00 asibo  zdo tstoo fodoo s00.0 100 Seconss 45,000
e Reactor Feed Temperature . 1588
100000 o 000 Steam Flow to HEX Reactor Feed Flow Inlet Feed Temp Reactor Feed Temp
80.000-| LCJTZV
T T T T T T T T T T 1 Stats:
50000 ean: 49,9935 0o 10000 20000 30000 40000  S0000 60000 70000 80000 90000 98050  ppenis
40.000-] % 2Sigma: 148377 Seconds Date Time Description Mean % 2Sigma
200004 St [/5N] 312018 2:49:13pm  Reactor Feed Temperature 48,9938 148377
Extents M 372016 2:49:13pm  Steam Flow to HEX 223463 127926
“ 301 2:49113pm  Reactor Feed Flowrate 50.0181 744577

TC3 variability with the feedforward strategy added. The variability has decreased
from 2.3% to 1.4% of mean.



