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Proportional-Integral-Derivative (PID) 
controls are descriptive terms for the 
fundamental process used to achieve 
feedback control of a measured variable 
within acceptable bounds.  In the natural gas 
industry that variable is usually pressure.   
 
In this paper the fundamental principals of 
PID control are described, how a controller 
operated process works, basic tuning, and 
applications.  It is not possible to present a 
comprehensive review of this topic, either in 
terms of the detailed math or equipment 
components.  Such a review would take 
weeks to explore the theory, mathematics, 
and devices.  Neither is it possible to do 
justice to the individual parts of a controller 
system (valves, controllers, positioners, etc).  
Time constraints permit only a cursory look 

at these key components.  Even with these 
limits, for pressure control, the basic 
concepts of PID control are intuitively 
accessible to those who work in the field as 
well as those who work in the office.  This 
paper explores those intuitive concepts and 
applies them to real world applications that 
can help achieve the best control possible. 
 
THE GAS PRESSURE REGULATOR 
 
A review of pressure regulator control will 
illustrate a key feature of PID control.  
Consider the pilot operated pressure 
unloading regulator commonly used for 
district regulator (DR) station control as 
shown in Figure 1.  When the downstream 
load increases the pressure drops causing the 
pilot to open wider and bleed gas off the top 
of the flexible element.  This in turn allows 
inlet pressure to push the flexible element 
further open.  A very small change in 
controlled pressure creates a large change in 
flow through the main regulator.  This 
allows this regulator to meet a large change 
in flow with minimal pressure drop. 

 

 
 
This drop in pressure with flow is often 
referred to as “droop” when applied to 
regulators.  For this type of regulator 
maximum droop is roughly 2% of pilot 
spring range (this of course will vary with a 
number of factors that will not be explored 
further).  Thus a spring with a 90 psi range 
would experience roughly a 2 psi maximum 
droop while a 500 psig spring range would 
experience a 10 psi maximum droop --  the 
heavier the spring the more the droop.   
 
Consider a pilot with a 500 psi ranged spring 
used for setting the pressure at 250 psig at 
mid range flow.  Using the 2% droop rule of 
thumb, the total droop from minimum to 
maximum flow or valve opening would be 

10 psig.  Thus the pressure would drop 5 psi 
from mid range to max flow representing 
mid valve opening to full valve opening.  
Similarly, the pressure would increase 5 psi 
when the flow or valve goes from mid range 
to minimum opening.  This droop with flow 
is illustrated in Figure 2.  Unfortunately, to 
assure pressure does not exceed the 
maximum allowable operating pressure 
(MAOP) the technician will have to set the 
pressure 10 psi below MAOP.  Pressure will 
have to be sacrificed to assure the MAOP is 
not exceeded.  The less accurately the 
regulator controls pressure (more droop) the 
greater the pressure sacrifice.  Droop can 
cost in terms of capital expenditures to 
compensate for the loss of pressure.  
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Figure 1 is a schematic of a pilot unloading regulator. 



 
 
 
PROPORTIONAL BAND or GAIN 
 
Now consider two terms that are another 
way of thinking of the droop characteristics.  
We saw in the previous example that a 10 
psi drop in controlled pressure moved the 
flexible element to the full open position.  
With reference to the 500 psig spring range 
a 2% (10/500 x 100%) drop in controlled 
pressure is sufficient to open the valve from 
closed to full open.  Let us give a new 
definition called proportional band (PB) to 
describe this characteristic.  In this case the 
regulator has a 2% proportional band 
meaning a 2% change in controlled pressure 
as referenced to the spring range is sufficient 
to achieve a 100% movement of the valve.  
Another useful way to think of this is to take 
the reciprocal of the proportional band and 
call it gain.  This makes intuitive sense.  In 
the example a small change in control 
pressure makes a large change in valve 
position.  Since the reciprocal of a 2% PB is 
50 (1/0.02), it has a lot of gain.   
 
Extending the concept of PB imagine 
replacing the regulator with a control valve 
and the pilot with a “black box” with an 
adjustable PB dial as illustrated in the 
Figure 3 sketch.  The control valve spring 
pushes the valve in the open direction and an 
opposing pressure on the top of the control 
valve diaphragm pushes the valve in the 
closed direction.  The diaphragm and spring 
are designed so that a 3 psig pressure leaves 
the valve full open and a 15 psig pressure 
pushes the valve full closed.  To create the 3 
to 15 psig there is an adjustable PB 

controller.  It automatically increases the 
controller output pressure if the system 
controlled pressure increases moving the 
valve in the closed direction.  Similarly a 
decrease of controlled pressure causes the 
controller output to decrease moving the 
valve in the open direction. 
 
We will assume the PB controller is 
designed equivalent to the pilot spring in the 
sense that it has a range of 500 psig.  The 3 
to 15 psig output of the controller will be 
directly proportional to the controlled 
pressure.  It has a set pressure knob that can 
be set anywhere between 0 and 500 psig.  
We will assume at a set pressure of 250 psig 
the controller output will be at the midpoint 
of the controller output range of 3 to 15 psig 
or 9 psig.  This will correspond to the valve 
at the midway opening or 50%.  With these 
settings a pressure lower than 250 psig will 
cause the controller output to go lower than 
9 psig and move the valve in the more open 
position.  An increase in controlled pressure 
above 250 psig will cause the opposite 
movement in the further closed position. 
 
The PB dial is labeled from 1% to 200% 
(corresponding to a gain of 100 to 1) which 
determines how much the percentage of the 
controlled pressure must change to make a 
proportional change in the controller output 
signal.  For example if the PB dial is set to 
2%, it means the controlled pressure must 
change 2% of the full range of 500 psig to 
move the valve 100%.  With the set point at 
250 psig and the controller output starting at 
9 psig, the controlled pressure must decrease 
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Figure 2 shows the droop characteristics of a pilot operated regulator experiencing a 10 psi drop in 
controlled pressure from the minimum flow (min valve opening) to the maximum flow (max valve 
opening) . 
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5 psi for the controller output to drop to 3 
psig corresponding to the full open valve 
position.  Similarly the controlled pressure 
must increase 5 psi for the controller output 
pressure to increase to 15 psig 
corresponding to the valve closed position.  
As was the case with the pilot regulator, it 
requires a 2% or 10 psi change in the 
controlled pressure to move the control 
valve 100% of its travel.  This represents a 
very high gain of 50 and is unrealistically 
high for the typical control valve which as 
will be shown can cause pressure 
oscillations. 
 

Suppose the dial is set to a more realistic PB 
of 10%, then the controlled pressure must 
change 50 psi (0.1 x 500) for the controller 
output to experience the full range from 3 to 
15 psig corresponding to full open to full 
close.  The smaller the PB % or larger the 
gain setting the more accurate or tighter the 
controlled pressure will be.  Since accurate 
control has economic and operational 
advantages, why not set the controller to the 
smallest proportional band corresponding to 
highest controlled pressure accuracy?  The 
answer is instability, which will be 
discussed after an introduction to first order 
lag. 

 
 

 
 
FIRST ORDER LAG 
 
First order lag is something that occurs in 
many processes.  In essence it shows as a 
time lag in response after a sudden upset in 
the input or output of a system.  To illustrate 
this consider the pipe volume of the 
controlled system shown in Figure 3 as a 
form of capacitance. 
 
Assume a step drop in the customer load.  
We will assume the valve has been manually 
set at fixed position. The time the outlet 
pressure takes to reach the equilibrium or 
final pressure is proportional to the volume 
of pipe.    
 
All first order lags are characterized by a 
curve showing a lag in response to a step 
change as illustrated in Figure 4.  The time 
constant is the time it takes to reach 63.2% 
of the total change.  The next time constant 

passage will change the remaining 
difference another 63.2 %.  It makes sense 
that the larger the volume the longer it will 
take to reach equilibrium.  All first order 
lags have this form with a time constant that 
represents the time to achieve 63.2% of the 
final change. 
 
First order lag is important because there are 
a number of elements in a control system 
characterized by first order lags.  Examples 
are the system piping, the control line, the 
actuator volume, controller output, etc.   
Although real systems are a complicated 
combination of first order lags, they can 
often be approximated with a simple first 
order lag and another term to be described 
later, dead time.   Later it will be shown how 
the lag time and dead time determine the 
controller settings and how well a system 
behaves.  

Figure 3 shows a pressure control valve with an adjustable proportional band (PB) or gain.  The spring pushes the 
valve open while the 3 to 15 psig outlet pressure from the controller pushes the valve in the closed direction.   
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THE FEEDBACK LOOP 
 
A feedback loop is a process that feeds a 
measurement back to a device that takes 
corrective action.  A simple residential 
regulator is a self contained feedback loop.  
The outlet or controlled pressure is felt 
(measured) under the regulator diaphragm.  
The regulator moves a control valve in 
response to the differential force between a 
spring and the opposing outlet pressure.  The 
valve moves in the closed direction in 
response to increased pressure or in the open 
direction in response to a decrease in 
pressure. 
 
Returning to the pressure controlled system 
of Figure 3 the control valve makes 
corrective adjustments based on controlled 
pressure.  The spring pushes the valve in the 
open direction.  Controller outlet pressure 
pushing on the diaphragm opposes the force 
of the spring and pushes the valve in the 
closed direction.  The valve position 
stabilizes when the two forces equal.  If the 
flow increases the pressure will drop causing 
the controller outlet pressure to decrease 
opening the valve more to meet the 
increased load.  This is a self correcting 
mechanism that adjusts the valve opening to 
meet the changing loads.  The pressure is 
maintained within a zone determined by the 
PB (gain) setting.   
 

Figure 5 shows a computer simulation of a 
pressure controlled system (the details of 
this system are not given).  The set pressure 
is set at 250 psig for a certain load.  The load 
is instantly dropped 15% and the computer 
simulation shows the response of the 
controlled pressure with different gain 
settings in the adjustable controller.  It can 
be seen that too much gain (25) will result in 
less final offset from the desired 250 psig 
controlled pressure but comes at the expense 
of increased oscillations.  Too low a gain 
(10) has no oscillations but comes at the 
expense of a large offset from the desired 
control pressure.  The middle gain of 15 is a 
good compromise with rapidly diminishing 
oscillations and a reasonable final offset.  
Generally ideal gain settings result in quarter 
amplitude oscillations where succeeding 
peaks are one quarter the amplitude of the 
previous peak. 
 
There is much technical literature detailing 
the physical systems and math behind 
controller operated systems.  For the 
purposes of this introduction it will only be 
noted that gain settings that are too high can 
cause oscillations.  It is similar to feedback 
noise caused by speaker systems.  Over 
amplification or gain in both systems can 
cause oscillation.  Later a review of tuning 
will suggest ways to achieve the best 
control. 
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Figure 4 shows the characteristic first order lag curve as a function of time constants.  The time 
constant is proportional to the volume or capacitance of the system.   At one time constant the pressure 
has reached 63.2% of its equilibrium value.  



 
 
 
 
 
 
 
 
PI CONTROLLER 
 
Integral or reset is the ability to restore the 
measured variable to set point (the desired 
control point).  This characteristic will be 
added to the proportional control feature all 
ready described for P only control.  With the 
integral feature (reset) it will become a PI 
controller. 
 
Suppose the customer load changes in 
increments and after each incremental 
change there is a reasonable delay period 
before the next load change.  We set the gain 
to 10 and install an additional device in the 
black box that resets, during the delay 
periods, the pressure to 250 psig by slowly 
adjusting controller output signal to 
eliminate any pressure offset from the 
desired 250 psig (a technical description of 
the how the integral devices work are not 
given for purposes of this introduction).  For 
example, suppose the load increases by a 
small increment.  With a gain of 10 the 
pressure will reach equilibrium just below 
250 psig.  The new device sees the offset 
and slowly makes adjustment to slightly 
increase the controller output signal until the 
offset is eliminated.   
 
After each incremental load increase the 
device adjusts the controller signal to reset 
the pressure to 250 psig.  If the load 
decreases, the pressure increases and the 
device adjusts the controller to slightly 
decrease the controller output to reset the 
pressure back down to 250 psig.  Reasonable 
control with minimal oscillations is possible 
with almost zero offset at equilibrium.  If the 
load is changing slowly, oscillations can be 

minimized by setting to a stable gain level 
while the reset action has time to eliminate 
the offset without a large offset momentarily 
occurring.  A large rapid load change will be 
expressed as a momentary offset that will 
take time for the reset action to eliminate.   
 
Typically the controller output (CO) is 
inputted to a valve positioner that moves the 
valve precisely proportional to the CO 
signal.  Without positioners the precision of 
the valve position is much less precise due 
to things like hysteresis.  The positioner 
performs another function.  It can in turn be 
supplied by pressures much higher than the 
controller supply pressure of around 20 psig.  
Its supply pressure can be used to move high 
pressure cylinder actuators.  Without the 
positioner, pneumatic controllers would 
have to be confined to 15 or 30 psig 
diaphragm actuators. Figure 6 shows a 
schematic of this concept.  The top diagram 
shows an all pneumatic controller and the 
bottom an electro/pneumatic controller 
(typically electronic controllers output 4 to 
20 mA current that is converted to a 3 to 15 
psig signal via an I/P converter). 
 
 For the purposes of this article, controllers 
and positioners are also black boxes.  
Attempting to describe their mechanical 
links, levers, bellows, gears, etc or electronic 
details requires another article.  Only what 
they do is noted here. 
 
A controller contains an adjustable dial 
labeled reset or integral.  Reset is more 
descriptive.  As noted it adjusts the outlet of 
the controller until the offset is eliminated 
(in this example offset from 250 psig).  A 
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Figure 5 shows the response of a feedback loop to a sudden drop of load at different gain 
settings.  Three different gains are tried.  The higher the gain the more pressure oscillations are 
experienced.  Low gain achieves greater stability but at the sacrifice of increased pressure 
offset from the 250 psig set point. 



load change creates an initial offset due to 
the gain setting.  The reset (integral) action 
continues to add or reduce CO signal until 
the valve moves to a position that returns the 
pressure to the 250 psig set point.  Modern 
equipment typically labels these functions as 
gain and integral action. 
 
Terminology can be confusing in the control 
business and lead to mishaps.  Older 
controllers tended to use PB dials.  New 
controllers tend to use gain dials.  Obviously 
mistaking these two can lead to wildly 
unstable control.  Imagine moving the gain 

to 50 thinking it is a PB of 50%.  It has 
happened. Caution should be exercised to 
assure which units a controller dial 
represents.   
 
Integral action is another term for the reset 
function because mathematically it is 
equivalent to integrating the offset between 
set value and actual value (error) with time 
and adding or subtracting CO proportional 
to the integration sum.  It is a subjective 
thing, but the term reset seems more 
intuitive than integral related to what is 
happening.   

  
 
                                          

 
. 
The output is most commonly ranged from 3 
to 15 psig in a pneumatic controller or 
equivalently 4 to 20 mA in an electronic 
controller.  Without comment below the 
general equation determining the CO and by 
extension the valve position: 
 
m = G (E + 1/TI ∫ edt), where m is the 
controller output signal which determines 
the valve position.  G is the gain as 
previously discussed.  TI is the integral time 
setting adjustment on the controller.  It is 

usually given in units of minutes per repeat.  
Briefly it means the number of minutes 
required to repeat the proportional response.  
The more important thing to understand is 
that the smaller the TI setting the more 
rapidly reset occurs.  A rapid integral time 
(small TI) like high gain tends to cause 
instability.  Some manufacturers show the 
integral dial in terms of the reciprocal or 
1/TI   given in units of repeats per 
minute…another terminology caution. 
 

Vent 

Figure 6 (top) illustrates the basic components of a pneumatic controller operated valve.  
The controller senses pressure which in this case is proportional to pressure and sends a 
proportional controller output signal to the positioner which in turn positions the control 
valve via the actuator proportional to the signal.  Pneumatic controller operated 
equipment is all pneumatic characterized by continuous bleed components.  The bottom 
controller combines the postioner into an electronic/pneumatic control device with much 
more control and analysis features.  They also are capable of lower bleed and only 
consume gas when the actuator strokes. 
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The term E, is the error and for a direct 
acting controller is defined as the difference 
between the measured variable and the set 
point (MV – SP).  For a reverse acting 
controller E is defined as SP – MV.  Figure 
7 shows the characteristic of a direct and 
reverse acting controller.  Typically the 
regulator is configured so that loss of CO 

signal will cause the regulator to fail open 
and the monitor to fail closed.  Installing 
direct acting valves with direct acting 
controllers accomplishes this mode of fail 
open for the regulator.  A reverse acting 
controller and reverse acting valve creates a 
fail closed mode for the monitor.  

. 

 
 
As noted a controller with both active 
proportional and reset (integral) is called a 
PI controller.  We will return to the 
computer simulation to test a controller 
response with PI control and compare it to 
the previous P only response.  As before a 
15% step change in load occurs.  Figure 8 
shows the response of the P and PI 
controller.  As before the P only controller 

experiences an offset of approximately 2 psi 
from the set point of 250 psig.   
 
In contrast the PI controller returns the 
controlled pressure to the 250 psig set point.  
If approximately 1.5 minutes elapse between 
each load decrease, there is sufficient time to 
restore the pressure to 250 psig and never 
exceed a momentary 252 psig offset.   

 
 
 
 
 

Direct Acting CO 15 psig    9 psig    3 psig 
Reverse Acting CO 3 psig    9 psig    15 psig 
Valve Opening % 0%    50%    100% 
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Figure 7 shows a direct and a reverse acting controller.  These match up with direct acting and reverse acting 
valves.  Usually a regulator is designed to be direct acting so that loss of CO signal forces the valve full open.  
For safety reasons, the monitor is reverse acting so that loss of CO signal forces the valve closed.  
 
 
 



 
 
 
 
 
 
 
DERIVATIVE 
 
Little will be said about derivative in this 
paper.  Why?  Most of what we experience 
in the natural gas industry relative to 
pressure control is very forgiving and 
excellent control can be achieved without 
adding other features such as derivative.  In 
most cases simple proportional control alone 
is satisfactory as witness the ubiquitous self 
contained regulator. Derivative is seldom 
enabled for pressure control.  In most cases 
it would unnecessarily complicate the 
control, required expertise, and tuning time.  
Later possible applications for derivative 
will be noted.   
 
It is worth noting what derivative action is.  
It dampens the effects of large rapid changes 
in the controlled variable.  It makes an initial 
quick adjustment of the valve based on the 
rate of change to mitigate the subsequent 
spike.  This has been described as a braking 
action.  For instance, if the load suddenly 
increases by a large amount, derivative 
makes an immediate response proportional 
to the rate of change.  This has the 
advantage of minimizing overshoot and 
reaching stability quicker.  Even with the 
advantages of this feature, with a few rare 
exceptions, satisfactory pressure control can 
be achieved using PI methods without 
adding the complications of derivative.  
Lastly, derivative responds to measured 
variable noise creating over response and 
amplifying the noise.  This is an undesirable 
characteristic of derivative if there is 
controlled pressure noise. 
 
OPEN LOOP TUNING   
 

For tuning a PI controller we will start with 
open loop tuning not because it is the 
preferred method but because it is 
instructive.  Once the instruction aspect is 
covered, a more practical tuning method will 
be described. 
 
In an open loop test the measurement 
feedback link is disconnected so that no 
corrective response is made to an offset.  
The controller output and hence valve are 
fixed to closely match their active position.  
Next a step change is then made in the 
controller output and the resulting response 
of the measured variable recorded.  In the 
gas industry this is usually pressure.   
 
The factors generated from the resulting 
curve and the simple equation thus derived 
describes much.  The curve shows the 
essence of control characteristics as will be 
demonstrated. 
 
As an example of an open loop tuning test, 
an upset is performed on the 250 psig 
controlled system.  The inlet valve is quickly 
opened 20% from its stable position (note 
the details of the system in terms of inlet 
pressure, valve size, system size are not 
given – this is for illustrative purposes).  
Dead time (delay in time due to movement 
of mass) is added for illustration purposes.  
The load is not changed (in a real system the 
load might change slightly).  Figure 10 
shows the result of this open loop upset.   
The curve approximates an “S” shape and 
shows a dead time tail at the bottom left.  
Most processes can be approximated by this 
first-order lag plus dead time (FOLPDT) 
model.  From this curve several very 
significant factors are determined.  Two are 
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Figure 8 shows the response of a PI and P only controller to a sudden 15% load decrease.  
In both cases the gain is 15.  In the PI controller the integral time is set for 0.5 minutes per 
repeat.  Note the integral action returns the pressure to the set point of 250 psig. 



shown on the graph.  They are the dead time 
Td and the time constant tau that represents 
63% of the final equilibrium position.  These 
two factors can be reasonably seen from the 
graph.  No attempt will be made to detail 

how these factors are most accurately 
determined.  The importance of the graph 
and these key factors is in their illustration 
power as will be demonstrated.   

 
 

 
 
 
 
 
 
All text books on controllers will note 
“Ziegler-Nichols” controller tuning 
equations (see for example “Regulatory and 
Advanced Regulatory Control” by Harold L. 

Wade).  For an open loop test like that just 
performed the controller tuning values are 
derived from the resulting graph and are 
shown in the following table: 

 
Zigler-Nicholos Tuning Parameters from an Open-Loop Test 

Controller functions Tuning Parameter Value 
Proportional Gain  G = tau/(GpTd) 
Prop. + Integral (PI) Gain G = 0.9tau/(GpTd) 
Prop. + Integral  (PI) Reset (Minutes/Repeat) TI  =  3.33Td 
Prop. + Integral + Deriv. (PID) Gain G = 1.1tau/GpTd 
Prop. + Integral + Deriv. (PID) Reset (Minutes/Repeat) TI  =  2.0Td 
Prop. + Integral + Deriv. (PID) Derivative (Minutes) TD  =  0.5Td 
 
We shall concentrate on the suggested 
controller gain (G) derived from the open 
loop test for the proportional only controller.  
This is the gain set in the controller.  The 
time constant (tau) and dead time (Td) are 
both graphically determined from the curve.  
The Gp is the process gain and is defined as 
the change in measurement for a given 
change of controller output (equivalently 
valve change).  Mathematically Gp = ∆ 
M/∆CO. 
 
Let as look in detail at each of these factors 
and contemplate what they mean.  First they 
all match what we would intuitively expect.  
We note that the suggested gain is 
proportional to the tau and inversely 

proportional to the dead time Td.  It is also 
inversely proportional to the system gain 
Gp. 
 
First the tau: We found that tau is 
proportional to the pipe volume (analogous 
to capacity).  This is obvious, a larger pipe 
volume takes longer to reach equilibrium for 
a given flow rate.  A large volume is more 
forgiving and allows the gain to be set 
higher. 
 
Next dead time Td:  This also makes 
intuitive sense.  If the measured quantity 
changes significantly before action are 
taken, there will be a tendency to 
overcompensate setting up an oscillatory 
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Figure 9 shows the response of an open loop test to a sudden increase in valve opening (a 
sudden change in set point creates a similar response).  Two significant characteristics are 
the approximate dead time labeled Td and time constant labeled tau which represents the 
time to reach 63% of its equilibrium position. 
 
 
 
 
 
 
 
 
 



condition with a period approximately 4 
times longer than the dead time.  Dead time 
requires lower gain to prevent this 
overcompensation.  Dead time is the 
nemesis to good control and to the extent 
possible should be minimized. 
 
Lastly the process gain Gp:  Valve size, inlet 
pressure, and level (or equivalently pressure) 
all determine this factor.  A larger valve will 
cause a proportionally larger process change 
for a given valve movement (change in CO) 
and hence the Gp will be proportionally 
larger and the required controller gain 
proportionally smaller.  Further Inlet 
pressure determines the valve capacity so 
like a larger valve higher inlet pressure 
requires a smaller controller gain to 
compensate for resulting greater valve 
capacity.   
 
This simple equation can be easily 
overlooked, but it is the key to 
understanding and achieving the best 
possible control as will be shown next. 
 

NATURAL GAS PRESSURE 
CONTROL 
 
Generally pressure control of natural gas is 
considerably more user friendly than many 
of the other types of control processes (e.g. 
flow rate control).  Even so there are unique 
challenges.  One complication is the 
compressibility of gas.  Flow through a 
control valve is more complex with a 
compressible gas than an incompressible 
liquid.  Also of significance are the 
situations characterized by long lengths of 
pipe that can act like a giant gas spring and 
create large time delays between the load 
changes and the arrival of the signal back to 
the controller.  How exactly it might interact 
is not something that will be dealt with here.   
 
With the tools given so far we can determine 
factors that contribute to good control.  The 
table below lists these factors.  Good means 
it improves the control accuracy, stability, or 
is a more forgiving system.   
 

GOOD CONTROL FACTORS 
GOOD WHY 
Large pipeline volume typical of 
large transmission or distribution 
systems.  Large diameter better than 
long lengths due to dime delays in 
long lengths. 

More volume to dampen valve overshoot and 
sudden load changes 

Large tau Follows from large volume and for the same 
reasons 

Short control lines from the pipeline 
to the controller and from the 
controller to other  devices 

Reduces dead time Td.  This is more 
important for all pneumatic systems.  Sense 
lines should be limited to 200’ maximum 

Relatively larger sense line pipe 
from the pipe tap to the controller 

It also decreases the lag or equivalently dead 
time of the system.  ¾” is better than ½” 

Properly sized valve Valve should be sufficient to meet all the 
load conditions and not prone to instability 
due to grossly oversized valves. 

Minimal number of control devices These add first order lags of their own 
increasing the effective dead time 

Slowly changing load representing 
large diverse systems 

Allows the integral plenty of time to adjust 
back to set pressure.  Integral action can be 
lengthened thus avoiding risk of oscillations 
under any flow conditions. 

Constant inlet pressure (well at least 
minimal variation) 

Large pressure variations change the required 
tuning parameters.  Remember valve 
capacity is a function of inlet pressure.  
Constant inlet pressure makes it more likely 
the tuning parameters stay good.  

A valve with a characteristic that 
retains a linear capacity throughout 
the system operating band 

What this means is that the control system 
was tuned for a particular inlet pressure and 
load.  If the valve retains the linear installed 
characteristics, the tuning stays viable 
throughout the operating range of pressures 
and flows.  

Valve speed sufficient Reasonable valve speed minimizes dead time 
contribution.  However, too fast can 
sometimes overshoot 

Valve smoothly adjusts (moves) Matches precisely controller output signal.  
Sticky or high friction valves can overshoot 
and create oscillations  



 
Bad characteristics are the opposite of good 
such as small system volumes, large dead 
time, sluggish valves, low pressure, over 
sized valves, etc.  Station designers need to 
carefully consider valve size.  Certainly the 
valve should be sufficiently large to allow 
for system growth, sort of like shoes for a 
growing child, but not so oversized it has 
difficulty staying on track.   
 
More could be added to the list and some 
characteristics could use more clarification, 
but it gives a sense of the good and bad. 
 
The list shows why most of the gas pressure 
control we deal with is easy (an example of 
a practical challenge will be discussed later).  
Consider a large distribution system with 
simple pilot unloading regulators.   There is 
lots of distribution pipe to dampen upsets.  
The regulator has no external relay signals 
and all the connections are in near proximity 
-- almost no dead time.  Further, the valve 
(flexible diaphragm) moves rapidly.  The 
flexible element has minimal mass that 
might overshoot due to inertia.  All the 
factors are right for a very high gain system.  
In fact as the example illustrates most 
district regulators have gains around 50 or 
better.  It comes from the rule of thumb of 
2% drop in spring force as a coarse 
approximation of spring droop from 
minimum to maximum regulator capacity.  
Often restrictor settings are set to even 
increase this gain.  Gain is so high integral 
action, if it was available, is unnecessary.  
Imagine a gain of 50 on a large complicated 
controller operated valve and see what 
happens. 
 
A low pressure distribution system is an 
exception to the easy to control distribution 
pressure.  It does present a challenge mostly 
because low pressure systems are regulated 
at inches water column.  Low pressures 
severely limit the flow rate in pipes and thus 
require many district stations to deliver 
sufficient gas to all the customers.  Relative 
to typical station capacity, the effective pipe 
volume is relatively small.  Often the 
regulators are oversized.    Regulators and 
pilots must be carefully selected and 
installed to minimize other bad 
characteristics such as dead time.  It is 
important to insure sensing lines are 
sufficiently sized to minimize dead time and 
the control line tapped at a non-turbulent 
location.  Regulators should be matched 
closely to capacity needs and not oversized.  
Some pressure accuracy (smaller gain) may 
have to be sacrificed to achieve stable 
control. 
 
This brings us to large transmission systems. 
They typically use large controller operated 
quarter turn valves.  They have a number of 

good control characteristics such as large 
downstream pipe volumes operated at high 
transmission pressure.  In most cases they 
are also characterized by slowly changing 
diverse loads.  However, there are 
challenges.  The controller operated 
equipment and large valves with actuators 
contribute a number of first order lag 
combinations that effectively increases dead 
time.  Even though the pipeline volumes are 
large so are the valves.  In most cases the 
pipeline volume is large enough to dampen 
out less than perfect valve movements.  
Perhaps the greatest challenge is the 
manipulations of Gas Control.  For them the 
backbone transmission pipe is another 
storage system.  
 
Why this is a problem requires some 
knowledge of valves and their 
characteristics.  As noted in the table a good 
valve characteristic is linearity through all 
operating conditions.  Experience has shown 
the so called equal percentage valve will 
come closest to this goal owning to the 
tendency for inlet pressure to decrease with 
increasing flow.  No attempt will be made to 
detail why this is so only that it is important 
for ideal pressure control.  When gas control 
uses a back bone pipeline like a storage 
system they disrupt the expected inlet 
pressure pattern the valve was designed for.  
The tuning parameters adjusted at start-up 
may not be viable throughout the spectrum 
of flow and inlet pressure variations 
experienced.  Oscillations may occur at 
some conditions.  Knowledgeable 
technicians are aware of this and “loosen” 
the control parameters (lower gain, slower 
integral) to compensate for these variations.  
Otherwise higher than expected inlet 
pressures under certain flow scenarios may 
dramatically increase the gain of an equal 
percentage valve leading to unwanted 
oscillations. 
 
Experience may dictate significantly 
backing away from the ideal by lowering the 
gain and/or slowing the integral action to 
achieve acceptable control without the risk 
of unwanted oscillations.  Even a slow 
integral action is sufficient to maintain 
reasonably accurate pressure control for the 
slow changing loads characterized by these 
systems.  Experience always trumps theory. 
 
TUNNING FROM CLOSED LOOP 
TEST DATA 
 
There are a number of tuning methods as 
well as a wide variety of controllers.  In the 
interest of time, only one tuning method will 
be described, “tuning from closed loop test 
data”.  This involves removing derivative 
action and setting the integral action to the 
lowest dial setting.  A small step change in 



set point is made and the response is 
observed.  If the response quickly decays, 
the gain is increased approximately 50% and 
the test is repeated.  The gain is increased in 
this manner until sustained oscillation is 
achieved.  Two things are noted: 1) the 
controller gain “Gu” that produces the 
sustained oscillation and 2) the oscillation 
period “Pu”.   From Ziegler-Nichols 
controller tuning equations we get the 
following simple results for a PI controller: 

 
G = 0.45 Gu 
TI = 0.83 Pu 

 
The closed loop test is tried on a 
hypothetical water tank with level control.  
Sustained oscillations are predicted at a gain 
of about 17.  Using the above equations, the 
gain and integral are reduced to 8 and 0.45 
minutes per repeat respectively resulting in 
the response in pink. 

 

 
 
 
 
 
Probably the most challenging pressure 
control applications involve large base load 
natural gas fired power plants.  They are 
characterized by extremely large loads (as 
high as 20 MMSCFH), with proportionally 
large control valves.  Unfortunately, relative 
to the control valves, the downstream piping 
represents a small unforgiving volume.  
Often the load changes rapidly particularly 
compared to a large customer diverse 
transmission system.  The control valves of 
necessity have control lines, ancillary 
instruments, and large actuators that add to 
the equivalent dead time.  To make matters 
worse the power plants may have tight 
overpressure requirements that if not met 
activate large reliefs. 
 
One way to overcome these most difficult 
control challenges is the installation of two 
dramatically different sized controller 
operated valves working in parallel.  The 
bigger valve is there for capacity, the 
smaller valve is the worker continually fine 
tuning the pressure to achieve the best 
possible accuracy. There are different 
methods to achieving simultaneous parallel 
control.  In essence the large control valve 
makes only occasional incremental 

adjustments while as noted the much smaller 
valve (often around 10:1 or greater capacity 
ratio) is continually working to make fine 
adjustments.  It is a smaller, faster valve 
with less dead time.  Further, the 
downstream piping looks about 10 times 
bigger to the smaller valve permitting higher 
gain and stability.  This is one of the few gas 
pressure control situations in which 
derivative action (on the small valve) may 
significantly improve the control by 
dampening otherwise unacceptable pressure 
fluctuations. 
   
OTHER CONTROLLER 
APPLICATIONS 
 
Besides pressure control, other gas 
controller processes are occasionally 
needed. Two examples are flow control and 
ratio control.  They will only be briefly 
noted.  Flow control is a challenge.  
Whereas pressure control can be 
characterized by high controller gains up to 
50, flow control is characterized by very low 
controller gains around 0.5.  Why is this?  
We noted the large volumes that dampen 
pressure control -- in essence large time 
constants.  In contrast, flow control have 

Closed Loop Tuning
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Figure 11 shows closed loop tuning.  The gain is successively increased until the sustained 
oscillation shown was achieved.  The controller was then tuned using Ziegler-Nichols 
equation to obtain the close to ideal control. 



very short time constants since there is no 
storage medium.  The measurement changes 
rapidly for the smallest valve movement.  
This is not conducive to easy control.  They 
require very low gain and fast integral.  
Even so upsets will be characterized by 
large momentary swings in the controlled 
flow rate. 
 
Ratio control is usually associated with 
mixing two different BTU streams to a 
prescribed ratio.  Most often the two streams 
are assumed at constant BTU (this is usually 
a reasonable approximation).    The flow 
rate of the two streams is measured and 
compared to the set point flow ratio.  The 
controller adjusts a control valve on the 
smaller stream to maintain the flow ratio 
within specifications.  The controller is often 
also the flow computer for one or more of 
the gas streams. 
 
WHY CONTROLLER OPERATED 
EQUIPMENT 
 
Compared to a simple pressure unloading 
DR regulator, why would a complicated 
controller operated system characterized by 
continuous bleed ever be installed?  The 
answer is it should not be installed unless 
there is no alternative.  What are some of 
these no alternative scenarios? Below a 
partial list: 
 

• The required control valve is beyond 
the size and capacity of the flexible 
element unloading regulators. 

• Special control valves such as globe, 
ball, or other are required.  For 
instance a ball valve in the full open 
position monitor position is not 
subject to erosive wear that a flexible 
element regulator is.  Also pressure 
unloading regulators require a 
significant differential pressure 
across the station to achieve full 
opening.  Controller operated 
regulators are not subject to this 
limitation 

• Special control features most 
applicable to electronic controllers. 

• Highest pressure control accuracy 
especially for electronic controllers.  
Accuracy can save on large capital 
expenses to compensate for 
inaccurate pressure control. 

 
 
 
 
 
 
 
 
 
 
 

CONCLUSION 
 
PI control in the majority of situations is all 
that is needed for accurate stable pressure 
control.  In fact in all but a few exceptions, 
pressure control is achieved with P only in 
the form of simple self contained or pilot 
operated regulators. 
 
The control field is broad, deep, and can be 
quite complex.  Fortunately, the 
characteristics we need to know and apply in 
the gas control field are relatively easy to 
understand and make intuitive sense.  We 
learned a few key characteristics that help 
achieve good control such as large system 
volumes, minimal dead time, and properly 
sized valves.  
 
Applying these principals helps both the 
designer of control stations and the 
technicians who maintain them. 


