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Five aspects of chemical processing contribute to the 
unique nature of process control. Part 1 of this two-
part article (March 2017, pp. 33–38) dealt with three 

factors related to the dynamic characteristics of a process: 
disturbances, transportation lag (or dead time), and process 
dynamics. Here we deal with the two factors that pertain to 
the steady-state characteristics of a process: economics and 
the multivariable nature of industrial processes.

Economics of continuous plants
 Continuous processes are designed and constructed to 
produce commodity products in the most efficient manner 
possible. Margins are small, so attaining highly efficient 
operation is essential. 
 Products must be manufactured to meet specifica-
tions that are written with the objective of assuring that a 
product is suitable for its intended application (for example, 
the objective of the specifications for motor gasoline is to 
assure that automobiles run properly). Targets within such 
specifications can take two forms:

• the specification states a maximum (or minimum);
product purities are usually specified in this manner

• the specification states a range of acceptable values;
physical properties are often specified in this way.
 Many products require multiple specifications. For 
example, the maximum total impurities might be stated along 
with a maximum for one or more specific impurities. The 
process must be operated so that all specifications are met.

Production personnel must operate a continuous process 

in the most efficient manner that makes products meet-
ing their specifications. This is always complicated by the 
presence of constraints imposed by the physical equipment 
(the pressure at which a pressure relief device reacts), the 
process fluids (water freezes at 0°C and boils at 100°C or 
so, depending on pressure), and other factors. 
 With few exceptions, the economic optimum is opera-
tion as close as feasible to one or more constraints. Because 
all loops are subject to disturbances, the target used during 
operation must be safely above (or below) the constraint 
value. There is always a cost for this, but this provides an 
incentive to improve the controls so as to operate nearer to 
the constraining value.
 The values in product specifications are treated in much 
the same manner as constraints. If “hot” water means a 
water temperature of 60°C or higher, the setpoint for the 
hot water temperature controller must be sufficiently above 
60°C that routine disturbances do not drop the tempera-
ture below 60°C. Operating with a setpoint of, say, 65°C 
ensures that the product always meets spec, but at the cost 
of increased energy consumption. 
 Improving the economics translates to less-conservative 
targets for process operations. Assuming current operations 
are not significantly conservative, this is only possible when 
the variance about the current target can be reduced, which 
generally requires enhancing the performance of the process 
equipment and/or process controls. Such endeavors are 
often summarized as “narrow the variance, shift the target.” 

Consider the simple example of filling a container with 
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one liter of a beverage. The label states one liter of bev-
erage. That does not mean one liter on the average — it 
means that every container contains one liter of beverage, 
and very few, if any, exceptions are tolerated. 
 So what target is specified to the filling system? No 
filling system is perfect. If every container must contain one 
liter of beverage, a target somewhat above one liter must be 
specified. How much above depends on the performance of 
the filling equipment and its controls. 
 Specifying a target above one liter means that product 
is being given away. The customer pays for one liter of 
beverage; if the container is filled with more than one liter, 
only the customer benefits. An economic incentive exists to 
minimize the product giveaway.
 This simple example raises some interesting points. The 
quantity of the annual product giveaway is computed by 
multiplying the average excess product in each container 
by the number of containers produced annually, and this is 
multiplied by the product value to get the economic cost of 
the giveaway. 
 Those who perform such analyses must be intimately 
familiar with the relevant aspects of the production facil-
ity. The number used for the product value depends on the 
operating environment of the production facility, that is, 
whether it is sales-limited or production-limited:

• sales-limited — if the excess were completely elimi-
nated, the upstream production rate could be reduced by the 
excess, and the annual cost of the giveaway is computed 
using the production cost for the product

• production-limited — if the excess can be used to
increase sales, the annual cost of the giveaway is computed 
using the product’s net selling price.
 Establishing the economic cost of the annual product 
giveaway quantifies the maximum possible annual return 
from an investment in process equipment and/or control 
system enhancements to reduce the giveaway. From this 
value and the company’s approach to evaluating capital 
projects, the maximum justifiable investment in a capital 
project to reduce the giveaway can be computed. 
 “Narrow the variance, shift the target” comes with a 
catch: The focus of control specialists is to improve control 
performance, but shifting targets is the responsibility of 
process operations personnel.
 Narrow the variance. What reduction in variance can be 
achieved through specific process equipment upgrades, con-

trol system enhancements, etc.? These are technical ques-
tions to be answered by specialists at corporate engineering, 
process equipment suppliers, control system vendors, etc.
 Shift the target. How much will targets be shifted 
because of the reduction in variance? Specifically note 
the question is “how much will targets be shifted,” which 
is different from “how much can targets be shifted.” This 
question is for production operations. 
 With increasing frequency, operators of commodity 
processes are looking to outside technology suppliers. 
Commodity processes like paper machines, power plants, 
refining units, etc., are somewhat tailored to the require-
ments of a specific facility, but usually the installation in 
one company has much in common with installations in 
other companies. There must always be a first-time applica-
tion, but thereafter, the supplier can draw on experience to 
estimate what can be achieved. 
 In the abstract, casual attitudes are routinely taken 
toward shifting targets. But in practice, the issues are very 
serious. All products are purchased with some purpose 
in mind. The specifications for motor gasoline state the 
requirements that must be met so that an automobile will 
run properly. But the specifications are not absolute. Could 
targets be shifted within the stated specifications such that 
the final product does not perform in an acceptable manner? 
Fortunately, such occurrences are unlikely, especially for 
established products such as motor gasoline, but the pos-
sibility remains. If the problem is widespread, the specifica-
tions will be reformulated to prevent the targets from being 
adjusted in that manner. 
 Some products are sold with a guarantee of performance 
for a stated time. For example, asphalt roofing shingles are 
sold with a 10-yr (or longer) warranty. Accelerated tests 
provide a degree of confidence that the product will perform 
for the stated time period. However, such tests are not per-
fect — they assess some aspects well but others not so well. 
Suppose a product with a 10-yr guarantee begins to fail 
after five years. The resulting liabilities can be enormous 
— so much that the company may not survive. Adjusting 
targets in such an environment is a high-stakes action.

Economics of batch plants
 Although batch processes are occasionally used for 
commodity products (e.g., polyvinylchloride [PVC]), most 
batch plants produce relatively small quantities of a variety 
of products. The profit margins are much higher, so the effi-
ciencies that are so critical for continuous processes are not 
a major factor for batch operations. The objectives of batch 
process automation assume some aspect of:

• increasing throughput
• consistently producing the desired product.
Of these, increasing throughput is the easiest to assess. In 
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most cases, increasing throughput means shortening the time 
to manufacture a batch of product.
 When the objective is shortening the batch time, each 
step in the manufacturing sequence is examined to deter-
mine what can be done to reduce the time required for that 
step. The possibilities range from relatively simple to very 
complex and include:

• increasing the flowrate of materials with lengthy
charge times, but without sacrificing charging accuracy

• replacing a manual charge with an automatic charge,
which usually requires vessels to store the material, piping 
to transport the material from storage to process vessels, 
pumps, valves, etc.

• replacing a laboratory analysis with an online analysis
• charging certain materials simultaneously; the original

basis for automating most batch processes is no simultane-
ous charging, but when the plant manager has orders that 
cannot be filled, this basis will be revisited

• for reactions with a continuous feed of one or more
reactants, feeding at rates as rapid as possible, but consis-
tent with the ability to add or remove heat from the reactor.
 The last option poses interesting process control issues. 
Constant feed rates do not fully utilize the available heat-
transfer capability. The ability to increase the feed rates 
is constrained by the available heat-transfer capability, 
which changes throughout the batch. Maximizing the feed 
rates could take the narrow-the-variance/shift-the-target 
approach described previously for continuous processes. 
In a batch reacting system, the heat-transfer rate is deter-
mined by the reaction rate, which is the counterpart of the 
throughput in a continuous process. 
 However, an alternative is to switch to full heating or 
full cooling, and control the temperature of the reacting 
mass by varying the feed rates. Often, the product chemists 
have no experience with this mode of operation, so con-
cerns regarding the impact on certain product characteristics 
are legitimate.
 The objectives for automating batch facilities often 
include concepts such as just-in-time (JIT) production. 
Instead of making product and storing it in inventory, the 
plant manufactures product in response to customer orders. 
Product is manufactured today, shipped overnight, and 
arrives at the customer’s site in the morning. To be a reli-
able supplier of products in this mode of operation, off-spec 
product batches must be few and infrequent. 
 A major requirement of the automation system is that 
the manufacturing conditions for the current batch of 
product must be identical to the manufacturing conditions 
for the previous batches of that product. Some go so far as 
to compare the trends for critical variables, such as reactor 
temperature, of the current batch to previous batches.

Usually, though, additional sophistication is required. The 

starting point is relating variability in the product to various 
causes. Raw material properties are often prime suspects. 
Additional possibilities are changes in utility variables (cool-
ing water supply temperature, steam pressure, etc.). These 
can be addressed in two ways: 

• reduce the variability at the source, for example, by
controlling the cooling towers so that the cooling water sup-
ply temperature is constant

• add features to the automation system that can com-
pensate for the variability, for instance, by implementing 
cascade configurations on vessels to mitigate the effect of 
changes in cooling water supply temperature. 
 Measurement issues, including both cost and time, 
complicate the application of such concepts to raw material 
properties. Pressuring suppliers to provide more uniform 
raw materials is almost always part of efforts to address 
issues pertaining to raw material properties.

Multivariable processes 
 Almost all processes are multivariable in nature, with 
more than one manipulated variable (final control element) 
and more than one controlled variable (measured value or 
derived value). The result is an n×m multivariable process, 
where m is the number of inputs to the process (the manipu-
lated variables) and n is the number of outputs from the 
process (the controlled variables). 
 A square process is one for which m = n. The m 
manipulated variables can be adjusted so as to drive the n 
controlled variables to their specified targets, provided no 
final control element is driven to a limit (nominally 0% to 
100% open for a control valve). 
 A fat process is one for which m > n, that is, it has more 
final control elements than controlled variables. There are 
multiple possible values for the m manipulated variables 
that will drive the n controlled variables to their targets. 
This creates the opportunity for optimization. One approach 
is to select n manipulated variables to be used to drive the 
n controlled variables to their targets and adjust the other 
m – n manipulated variables so that this is done in the most 
efficient manner possible, as defined by an objective func-

p Figure 1. Recirculation loops are commonly installed for flows that must 
not be allowed to stop, such as the flow of starch slurry.
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tion (such as minimum energy consumption).
 A skinny process is one for which m < n, that is, it has 
more controlled variables than manipulated variables. It 
is not possible to drive all n controlled variables to their 
targets. Such configurations are rare in process applications. 

PID loops
 An example of a 2×2 process is the flow system in 
Figure 1, which delivers a starch slurry from the preparation 
tank to a location in the process. During normal operations, 
80% or so of the pump flow is delivered to the process and 
the remainder is recirculated to the tank. But should process 
operations be disrupted, the total pump flow is recircu-
lated to the tank. Because a non-flowing starch slurry sets 
up quickly, flow is required in all parts of the piping at all 
times, hence the recirculation loop in Figure 1. 
 The customary approach is to configure a PID loop for 
each controlled variable to obtain the single-loop control 
configuration in Figure 1. Pairing involves selecting the 
manipulated variable to be adjusted to control each con-
trolled variable. An n×n process has n! possible pairings. 
Thus, a 2×2 process such as in Figure 1 has only two pos-
sible pairings, but the number of pairings increases rapidly 

— a 3×3 process has six possible pairings, while a 5×5 
process has 120.
 The configuration in Figure 1 consists of a flow control 
loop and a pressure control loop with the following pairing 
of the manipulated and controlled variables:

• flow loop (FC) — the flow to the process is controlled 
by adjusting the opening of the control valve to the process

• pressure loop (PC) — the pressure in the recirculation
loop is controlled by adjusting the opening of the control 
valve in the recirculation loop.
 In some 2×2 applications, the pairing can be reversed. 
That is not the case for the system in Figure 1, because 
pressure control must be retained under all conditions. 
When the flow to the process is stopped, the pressure can-
not be controlled by manipulating the control valve to the 
process.
 Especially for 3×3 and higher-order processes, a 
philosophy is needed for pairing controlled and manipu-
lated variables. One possibility is summarized as “control 
each variable with the nearest valve.” The configuration in 
Figure 1 is certainly consistent with this philosophy. Based 
on the single-loop configurations proposed for multivariable 
applications, one could reasonably conclude that this is the 
typical approach. However, the extent to which this philoso-
phy is explicitly applied is debatable — it could simply turn 
out this way because the primary focus is on the dynamic 
behavior of the process.
 From a dynamics perspective, the control-each-variable-
with-the-nearest-valve philosophy is reasonable — the 
nearer a valve, the more rapidly it will likely affect a 
controlled variable. The short-term effect is largely an issue 
of dynamics, but the long-term effect is determined by the 
steady-state relationships. These can be very different. In 
many (maybe most) cases where performance issues arise 
with a proposed single-loop configuration, the short-term 
and long-term effects are very different for one or more 
of the proposed loops. It is even possible that the short-
term response and the long-term response are in opposite 
directions.

Loop interaction 
 In process applications, interaction between the loops 
is due to characteristics of the process. Consider the effects 
of opening the two control valves in Figure 1 when both 
controllers are on manual:

• control valve to process (FC) — opening this valve
increases the flow to the process, but also reduces the pres-
sure in the recirculation loop

• control valve in recirculation loop (PC) — opening
this valve reduces the pressure in the recirculation loop, but 
also reduces the flow to the process.

Both control valves (process valve and recirculation 
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p Figure 2. As the flow to the process increases, overshoot and
oscillations increase significantly.
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valve) affect both controlled variables (flow to the process 
and pressure in the recirculation loop). The two loops inter-
act because of this process behavior.
 The degree of interaction between two loops can 
depend on process operating conditions. In Figure 2, the 
flow to the process increases from zero to 80% of the pump 
flow in increments of 20%. The flow loop achieves the 
initial increase to 20% of the pump flow with no overshoot 
and only a nominal effect on the recirculation pressure. 
But with further increases in the flow, the overshoot and 
oscillations in both loops increase significantly. At 80% of 
the pump flow, the oscillations are excessive. The loops 
perform acceptably at low flows to the process, but not at 
high flows.
 In a 2×2 multivariable process, a relatively simple 
procedure (Figure 3) can be used to quantify the degree of 
interaction. At the starting point, 80% of the pump flow is 
directed to the process and 20% is recycled to the tank. The 
test proceeds as follows:

1. Switch both controllers to manual.
2. Increase the opening of the process valve from 85.7% 

to 88.7% while keeping the opening of the recirculation 
valve at its original value of 51.0%.

3. Note the changes in flow and pressure. The flow
increases from 80.0% to 81.8% of the pump flow (an increase 
of 1.8% of the pump flow). The pressure decreases from 
550 kPag to 453 kPag. The process valve 
has a much larger effect on the recircu-
lation pressure than on the flow to the 
process. This suggests that, under these 
conditions, the process valve should be 
used to control the recirculation pressure.

4. Switch the pressure controller to
auto with a setpoint of 550 kPag (the 
flow controller remains on manual). 
To restore the recirculation pressure to 
550 kPag, the pressure controller reduces 
the recirculation valve opening, which 
causes the process flow to increase to 
90.2% of the pump flow. Relative to the 
starting point for the test, the process 
flow increases from 80.0% to 90.2%, an 
increase of 10.2% of the pump flow. 
 With the pressure con-
troller on manual, the flow 
increases by 1.8%. With 
the pressure controller on 
auto, the flow increases 
by 10.2%. If there were 
no interaction between 
the loops, the increase 
would be the same in both 

cases. The larger the difference, the greater the inter action 
between the two loops. 
 Both increases are long-term or steady-state increases. 
The degree of steady-state interaction can be quantified  
by Eq. 1 (below).
 For a process with no interaction, the ratio would be 
1.0. Values that deviate from 1.0, either larger or smaller, 
indicate more significant interactions. 
 A similar test can be performed for the pressure loop. 
For a 2×2 linear process, the value computed for the ratio 
would be the same for both loops. However, real processes 
are nonlinear, so the results for the two loops will be differ-
ent. Furthermore, the results depend on the magnitude of 
the change in the valve opening used at the start of the test. 
 The basis of this approach to quantifying the degree of 
interaction is simple: For a given loop, how much does the 
process gain (a measure of the sensitivity of the controlled 
variable to changes in the controller output) change as the 
remaining loops are switched from manual to auto? For 
the flow loop in Figure 1, switching the pressure controller 
from manual to auto increases the sensitivity of the flow 
process by a factor of 5.7. Changes of this magnitude in the 
process sensitivity will have consequences on the perfor-
mance of the control loop.
 This concept can be generalized to higher-dimensional 
multivariable processes by the ratio in Eq. 2. Unfortunately, 

p Figure 3. A simple test can quantify the degree of interaction between the flow loop and the
pressure loop in Figure 1.
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tests such as in Figure 3 become unreasonably complex as 
the dimensionality increases. 
 This ratio calculated by Eq. 2 is known as the relative 
gain (1). To date, it has enjoyed limited use, but it deserves a 
better fate. The basic concept applies to higher-dimensional 
processes, but there are consequences. First, the notation 
uses a multitude of partial derivatives to express the sensi-
tivities (a 3×3 process has nine sensitivities). Second, matrix 
algebra permits the relationships to be expressed concisely. 
The result is elegant mathematically, but so intimidates most 
process engineers that they doubt its usefulness. 
 The relative gain only assesses the steady-state aspects 
of interaction. Two loops will function provided either of 
the following statements is true:

1. The degree of steady-state interaction is modest at
most, which usually translates to values for the relative gain 
between about 0.7 and 1.4 (a more conservative range is  
0.8 to 1.2).

2. One loop is significantly faster than the other, prefer-
ably by a factor of five (the same as for inner and outer 
loops of a cascade). Tune the fast loop first, then tune the 
slow loop. If the degree of steady-state interaction is signifi-
cant, the fast loop must remain on auto when the slow loop 
is on auto.
 For a 2×2 process, one trick of the trade is to tune one 
loop to respond as quickly as possible, and then relax the 
tuning on the other loop until the two loops can be on auto 
at the same time. This does not always yield satisfactory 
results. Being on auto does not guarantee that the perfor-
mance of a loop is acceptable.

Coping with interaction 
 Most industrial process control applications are multi-
variable, so the issues related to interaction cannot be 
ignored. Because engineers often aim to keep the initial  

piping and instrumentation (P&I) diagrams relatively 
simple, the starting point for a multivariable control appli-
cation is usually a single-loop configuration. Especially 
when developed by experienced people, these often deliver 
acceptable performance, or at least performance adequate 
to get the plant up and running. However, this frequently 
involves one or more loops being on manual (and customar-
ily described as “untunable”). When the root cause of the 
tuning difficulties is interaction, applying automatic tuning 
is nothing more than throwing technology at the problem. 
 A control method known as model predictive control 
(MPC) has a proven track record in multivariable control 
applications with significant interaction. The downside of 
MPC is cost, especially the cost associated with the plant 
testing required to characterize the process. A 5×5 process 
potentially has 25 relationships that must be characterized. 
Fortunately, some of these are insignificant. An n×n multi-
variable process potentially has n2 relationships, but the 
number of significant relationships is usually closer to 3n. 
 The main complication of testing in the process indus-
tries is that most processes are slow. Response times of 
4–8 hr are commonplace, and can be even longer. Test times 
are not measured in hours, but in days. Much effort has 
been directed to making the tests as efficient as possible, 
but tests remain lengthy and costly. The temptation to take 
shortcuts (e.g., shorter test durations, smaller changes in 
manipulated variables, etc.) is hard to resist, but the peril is 
real — model deficiencies degrade MPC performance. 
 Because of the costs, process optimization is usually 
required to provide the benefits to justify MPC. In a sense, 
MPC is the enabling technology. To optimize a process, 
effective control of the process is mandatory. MPC provides 
the control, which in turn makes optimization possible. 
Most commercial MPC products address both control and 
optimization.
 Control of distillation columns is a common application 
for MPC. Distillation systems often provide opportunities 
for optimization that are likely to be sufficient to justify 
MPC. But the nonlinear nature of distillation columns 
can have repercussions. Changes in operating conditions 
(throughput, split, etc.) affect the response characteristics. 
 Although the parameters are very different, MPC must 
be tuned in much the same sense as PID control. If the 
response characteristics from the plant tests accurately 
reflect process behavior, MPC can be tuned to respond 
aggressively. As the accuracy of the model deteriorates, the 
options are to tune the MPC to be less aggressive (which 
will cause performance to degrade, which in turn lessens 
the benefits of MPC), or to repeat the process tests used to 
obtain the response characteristics of the process (which is 
time-consuming and expensive). 

The latter is so objectionable that facilities rely exces-

p Figure 4. In this control configuration that uses a characterization  
function, an increase in the flow controller output opens the process valve 
and closes the recirculation valve.
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sively on the former. So that MPC remains on auto, it can 
be constrained to making control moves that are so conser-
vative that MPC offers little benefit. This is akin to operat-
ing a PID controller with an unreasonably low value for the 
controller gain — the controller is on auto but is making 
only very small changes in the controller output.
 The alternatives to MPC attempt to provide acceptable 
control performance, but usually without any effort directed 
to optimization. Processes such as the starch slurry pump-
ing system in Figure 1 offer few, if any, opportunities for 
optimization. 
 Instead of attempting to eliminate all interaction, the 
objective must be to reduce the degree of interaction to the 
point that the two loops function satisfactorily. For the starch 
pumping system, the material balance can be stated as:

( )Pump flow = Process flow + Recirculation flow 3

 For a given pump flow, any change in the process flow 
must be offset by an equal and opposite change in the recir-
culation flow. Provided the requisite flows are metered, the 
material balance can be easily incorporated into the control 
configuration. Coriolis meters can meter starch slurry flow 
(and density), but the higher cost of such meters can typi-
cally be justified only for the process flow. 
 Fundamental relationships may be preferable, but 
characterization functions, also known as function genera-
tors, are often the practical alternative. For the starch slurry 
pumping system, the characterization function provides the 
recirculation valve opening — the y in y = f(x) — that cor-
responds to the process valve opening — the x in y = f(x). 
Data on the process valve opening and the corresponding 
recirculation valve opening at each equilibrium (steady-
state) point for the process are required to construct the 
characterization function.
 Figure 4 illustrates how the characterization function 
can be incorporated into the control configuration for the 
starch slurry pumping system. This control configuration 
embodies the following logic for pressure control:

1. The process valve opening is the input to the charac-
terization function (the PY element in Figure 4). Since the 
objective is to reduce the interaction, steady-state relation-
ships are usually adequate. 

2. The output of the characterization function is the ideal
opening for the recirculation valve.

3. The summer adds a bias to the ideal opening to obtain
the actual opening for the recirculation valve.

4. The bias is the output of the pressure controller.
The output of the pressure controller in Figure 1 is the

actual opening of the recirculation valve. The output of the 
pressure controller in Figure 4 is the bias, or trim, that is 
added to the characterization function output to obtain the 
actual opening of the recirculation valve. Negative values 
must be permitted for the bias. 
 On a P&I diagram, the flow loop in Figure 4 is the 
same as the flow loop in Figure 1. However, increasing the 
flow controller output has a very different effect: Increas-
ing the flow controller output in Figure 1 only opens the 
process valve, whereas increasing the flow controller 
output in Figure 4 opens the process valve and closes the 
recirculation valve.
 The latter makes sense. To increase the process flow 
without affecting the recirculation pressure, the process 
valve must open and the recirculation valve must close.
 If the objective is to totally eliminate interaction, 
design methods to do so are available (MPC being one). 
But there are no design methods that address the objective 
of reducing the degree of interaction to the point that the 
individual loops perform adequately. A basic understand-
ing of the behavior of the process serves as the guide for 
incorporating logic such as in Figure 4 into the single-loop 
configuration.

Put the emphasis on “process”
 The root cause of control problems in the process 
industries can be dynamic issues, with transportation lag 
accounting for the majority of these. Most control problems 
in process plants are rooted in some steady-state aspect of 
the process. Diagnosing a control issue normally starts with 
a qualitative analysis of the steady-state cause-and-effect 
relationships within the process. Often this proves sufficient, 
but should the need arise, the steady-state models can trans-
late the qualitative analysis into a quantitative analysis. The 
only other route to quantitative data is process testing, which 
is never an easy endeavor in a process plant.
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