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Introduction 
 
A PID Controller is a “proportional–integral– 
derivative controller.” It has been relatively 
unchanged since its inception in 1939. In some 
applications, maybe only Proportional control is 
needed. In other applications, PI (Proportional and 
Integral), are best used. Still in other applications, 
all three modes, PID, is your best performing loop 
control. 
 
You may not even know it but you’ve been 
exposed to various PID Controllers throughout 
your life; ranging from a thermostat in your home 
for controlling temperature to the cruise control on 
a vehicle. There are numerous examples in 
refineries, chemical processing plants, paper mills, 
power plants and on and on. 
 
To fully understand and truly learn PID control 
would take weeks of class, lab time, and field 
training. This paper is not intended to make you 
experts in tuning but rather, provide you with the 
fundamentals and basic understanding that you can 
use as a building block in preparation for when the 
opportunity presents itself in the field. 
 
Control Theory 
 
Basic Control Theory is really not “basic” at all 
unless you are a Control’s Engineer with years of 
experience in dealing with control loops. For most 
of us, even the “basic theory” can be a complex 
mix of variables, equations, and rules of thumb. 
For the average person involved in PI/PID control, 
there are some concepts you need to know and 
understand if you are to actually be responsible for 
setting up and tuning a control loop. 

 

The processes you will most likely be dealing 
with are dynamic – that is, they are changing 
over time. There may be periods when the 
system appears to be static but they are very 
brief or perhaps it is an indication that a 
measurement variable is no longer reading its 
value. When you are tuning a loop, you are 
intentionally influencing the dynamic behavior 
by manipulating the output to a final element in 
the control scheme by using a set of equations 
that have been tested and proven in live 
processes. 
 
Fundamentally, to control a process, you need to 
measure the appropriate variables in the system, 
compare certain measured values to expected 
values (to determine the error in the loop), 
compute a new output, and correct the position 
of the final element to reduce the error. 
 
A simple block diagram used to illustrate this 
is found in Figure 1. 

 
Figure 1: Simple PID Block Diagram 

 
Three Modes of Control 
 
As stated in the Introduction, there are three 
modes to employ for managing loop control 
that will be dealt with in this paper; 
Proportional, Integral, and Derivative. Each 
has its own contribution to the overall success 
of properly tuning a loop and each one can 
impact the effectiveness of the other two. 
Therefore, it’s important to find the right 
combination of all three (even if that means 
not using one or two of the modes) to 
efficiently operate your control loop. 
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The typical equation for PID control is: 

Where, 
u = control signal (output) e = 
control error (r-y) 
r = reference value (set point) y = 
measured value 
kp = proportional gain ki = 
integral gain 
kd = derivative gain 

Equation (1) 

The Proportional component has several names by 
which it is referred.  The most commonly used are; 
Proportional Band, Proportional Gain, or just Gain. 
This action determines how the controller moves 
relative to the calculated error (Set Point [SP] – 
Process Variable [PV]). The Output moves in 
proportion to the error. It can also be Direct Acting 
or Reverse Acting. If it is Direct Acting, then as 
the measured variable increases, the controller 
output increases. If the controller is Reverse 
Acting, then as the measured variable increases, 
the controller output decreases. 

As can be seen in equation (1), the output is the 
sum of all three components, the proportional term 
that is proportional to the current (present) error 
value, the integral term that is proportional to the 
integral of past error values, and the derivative 
term that is proportional to the derivative of future 
error values. 
 
Notice that you are accounting for not just the 
current error value (with P), but are accounting for 
past errors values (with I), and future, predicted 
errors values (with D). Further note that you are 
only using the error value to produce the 
appropriate output signal. That is, there is no 
feedforward term as the above is representing a 
feedback (closed loop) controller. 
 
This paper won’t address feedforward control as 
it is more typical that you will encounter 
applications that use feedback control. For 
feedforward control to work, you need extensive 
knowledge about the process, model the process 
with mathematics, and fully understand the 

disturbances you will encounter. It doesn’t 
utilize the error at all as it is predicting the 
disturbances and adjusting for them before they 
have time to affect system. 

 
Proportional 
 
So what happens if you only take into account 
the current error value? Well, you are only using 
a Proportional controller. 
 
When Proportional Only control is used, there 
will always be an offset between the Set Point 
and the Measured Value. A “P” controller will 
never have a zero error value although it may 
have a “static” error value where the error is 
neither increasing or decreasing. To overcome 
this offset, Integral is added to the control to 
provide what is referred to PI control. 
 
Integral 
 
Integral Action often called Automatic Reset or 
just Reset, is used to adjust the bias of the gain 
until an error of zero is achieved. What is the 
bias? Bias is something that happens when 
there’s a disturbance in the process that may not 
normally be there. This disturbance causes the 
Gain to not be enough to correct for all the 
error. To help out the Proportional Action of the 
controller, Integral Action is added to handle the 
bias. 
 
Remember, the Integral Action (Reset) uses all 
the past errors, integrates them over time, and 
applies the result to the output. 
 
Adding Integral Action to Proportional Gain 
(PI) provides the most common loop control 
used today. 
 
Derivative 
 
The third and final mode of a controller to 
discuss in this paper is Derivative or Preact, D-
Gain, or Rate. This is where it’s easy to “go off 
the rails” with your controller because this term 
is dealing with future error values. That’s right, 
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you are now trying your hand at being a prophet! 
Well, not exactly but the Rate does attempt to 
predict what is going to happen based on the rate 
of change of the error value. 
 
The Rate function looks at the rate of change 
and if it’s “too fast,” it will adjust the Output to 
slow it down so it won’t shoot past the Set Point 
value. This then tends to have a dampening 
effect on the controller. Why? Because the P & 
I Actions had too much Output for what was 
needed so the D slows it down or dampens 
their effect in order to provide additional 
stability. It can also assist with faster recovery 
from disturbances. Rate is predicting the future 
error (which is impacted by the P & I) and 
attempts to account for it before it has a 
negative influence on performance. 
 
With this third term added to the controller, we 
now have a complete PID controller. Because 
of the nature of Derivative (that future 
predicting component), it is less often used 
than just the PI controller. It still has its place 
and will be noted later in the paper. 
 
Applications 
 
So now that we have a general idea of how 
each of the three modes contribute to loop 
control when implemented in a controller, how 
do you decide which one to use for your 
application? 
 
Proportional Only control is the simplest of all 
three because you only have to deal with one 
tuning parameter versus two or three. P Only is 
fairly easy to determine when it’s the best choice 
for control because it works well in processes 
where there are no disturbances and that 
significantly narrows down the applications. 
Many processes where you might employ loop 
control have disturbances that will impact the 
performance of the controller. These disturbances 
will always produce a steady state error if Gain is 
the mode used for control. This means you will 
never fully reach your set point. 
A typical application for Proportional Only 

control is level control on a tank that does not 
have outflow during the fill process. Another 
application would be Surge Tanks. This type of 
application doesn’t care about tight level control 
but rather, steady flow out of the tank. A third 
type is with Servo Motors. There are a few others 
that could be mentioned here but knowing the 
primary audience to this paper are those in the 
Oil and Gas Industry, it’s not a commonly used 
mode. 

 
The controller that makes implementing both 
Gain and Reset is for processes where speed of 
response isn’t critical. For example, a level 
controller on a large tank with slow fill or drain 
times may use a PI controller. A heating system 
is another slower response process – just think 
of the heating system in your house. How fast 
does your temperature increase once the heater 
turns on? In most cases, your heater runs for 
several minutes just to increase the temperature 
by one degree. 
 
When the speed of response is critical, then 
implementing all three modes may be required 
to achieve the best results. A flow loop may be 
one example where you are trying to maintain 
flow at a certain rate and any change in flow can 
cause downstream problems. Here, you will 
need fast response, small overshoot, and as 
much stability as possible. PID control may be 
the best method to implement. 
 
Tuning Your Control Loop 
 
Now that you have a basic understanding of the 
three modes for controlling a loop and some 
idea when to use each one, how do you optimize 
the control? This is where “tuning” comes in. 
You’ve heard the expression “fine tune” used in 
many different scenarios. The implication here 
is that if you fine tune something, you get it to 
work smoothly, optimally, and with stability. 
Here is where your tuning parameters come into 
play – to provide stability to your control loops. 
Let’s first take a look at the different methods 
commonly used today. 
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There are some common and some not-so- 
common tuning methods in existence today. The 
more common methods are: 

 
 Ziegler-Nichols 
 Cohen-Coon 
 Lambda 
 Manual (here’s where art meets science!) 

Some of the not-so-common methods are: 

 Modified Ziegler-Nichols 
 Open Loop Ziegler-Nichols 
 Tyreus-Luyben method 
 Damped oscillation method 
 Other Open Loop Methods 

o C-H-R 
o Fertik 
o Ciancone-Marline 
o IMC 

 
For the purposes of this paper, only the more 
common methods will be discussed. 
 
Manual 
 
Let’s start with Manual – the art of science. 
This method can result in a well-tuned loop – 
but may be short lived while the process is 
operating at the current conditions under which 
it was tuned. Once a significant change in the 
process occurs, what was once “fine tuned” 
maybe isn’t so fine any more. One problem 
with this method is it can give the person 
performing the loop control a false sense of 
“tuning mastery.” 
 
Some basic guidelines for tuning parameters 
for Manual tuning are listed in Figure 2. 

 
 

 

Table 1: Starting PID Settings for Common Control Loops per 
Expertune 

Manual tuning (where you’re not using specific 
equations) is often referred to as trial and error. 
Adjustment of the tuning parameters are made 
based on past experience and process reactions 
over time are observed. This is not to be 
confused with Ziegler-Nichols manually tuning 
method as it is more specific in its method and 
involves a specific order of changes and 
recording of values. 
 
Manually tuning by strict trial and error requires 
changing the tuning parameters one at a time 
and observing the impact on the process. You 
may only spend 30-45 minutes of adjusting the 
tuning parameters in an attempt to achieve 
steady-state control. While this may solve the 
current issue with an unsteady process, it 
usually results in a temporary fix. Once the next 
process disturbance comes along, the tuning 
may once again result in a call to the instrument 
technician. We call that “job security!” 
 
Ziegler-Nichols 
 
This method bares the names of the two 
individuals who developed it, John G. Ziegler 
and Nathaniel B. Nichols in 1942. These two 
were the pioneers in loop tuning. Their basis for 
tuning is on the Quarter Amplitude Damping (or 
Quarter Amplitude Decay Ratio, Quarter 
Amplitude Decay or QAD). The main objective 
of this tuning method is to eliminate the error 
between the set point (SP) and the process 
variable (PV) as fast as possible. However, the 
fast response to reducing the error results in 
“overshoot.” This is where, after a SP change or 
disturbance in the system occurs, the PV is 
being changed to move it towards SP and in the 
process, it goes past the SP by some amount. It 
now has to be corrected in the opposite direction 
to once again move toward the SP. It will tend 
to overshoot again by overcorrecting the first 
adjustment. The “quarter” term of the QAD is 
where the amplitude of the first overshoot above 
the SP and the second amplitude of the second 
overshoot is a 4:1 ratio. The value of the 
amplitude of the second overshoot is ¼ of the 
first. See Figure 2. 
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Figure 2: A quarter-amplitude-damping response after a process 
disturbance (B is ¼ A). 
 

The main problem with this method is that you 
actually are causing the process variable to 
overshoot the SP several times before settling in at 
its new value. Some processes cannot tolerate this 
overshoot and it needs to be minimized to some 
value, say 5%, of the SP or less. In processes, like a 
plant boiler, they will not react well to this tuning 
method because effects of the oscillations on the 
upstream and downstream parts of the process are 
unacceptable. The way around the impact of the 
QAD is to not start with a high Gain value. If Z-N 
suggests a Kp of 1.0, cut it in half and start with a Kp 

of 0.5. This is reducing the size of the oscillations 
while slowing down the response time. Note, you 
also want to decrease the Ki and Kd by the same 
percent. 
 
So what steps do you take to tune according the 
Ziegler-Nichols method? The following is the 
procedure: 

1. Remove any integral and derivate 
2. Put loop in Auto and increase controller 

gain until a sustained oscillation is 
recorded - called the ultimate gain (Ku). 

3. Measure the period of the oscillation, 
which is called the ultimate period (Tu) 

4. Calculate the controller tuning using 
Table 2. 

 
Type of 

controller 
Controller 

Gain 
Reset 
Time 

Derivative 
Time 

P 0.5Ku   

PI 0.45Ku Tu 

1.2 

 

PID 0.6Ku Tu 

2.0 
Tu 

8.0 
       Table 2: Ziegler‐Nichols tuning parameters – closed loop 

This method can be effective if your process can 
handle the oscillations and is a “self regulating” 
process. That is, a process that seeks a steady 
state condition. It doesn’t, however, work well 
on “integrating processes.” A process is an 
integrating process if a step change in the 
process input results in a continuously changing 
output. A level loop is a good example of this 
type of process. Others are pressure, 
temperature, and pH. 
 
Cohen-Coon 
 
The Cohen-Coon method (which came after the 
Ziegler-Nichols method) was published in 1953. 
It has some similarities to the Z-N method in 
that it uses the QAD as its basis and it only 
works on self-regulating processes. It should be 
pointed out that the self-regulating processes 
noted above, may not always be self-regulating. 
That is, there may be instances where they 
display more integrating process characteristics. 
You have to understand your process to know 
which tuning method will work best for you. 

 
Because the Cohen-Coon method relies on 
quarter amplitude damping, it too requires 
introducing oscillations into the process. 
However, the parameters used and calculated 
vary from Z-N (reference Table 3). It also uses 
three characteristics of the process; the process 
gain (this is the gain in the system – not the 
Proportional Gain), the time constant, and the 

dead time (the time between a set point change 
and when the corresponding output shows up in 
the process via the measured parameter). 

 
To obtain the three characteristics noted above, 
you must conduct a test with the process and 
recording the results (see Figure 3). Of course, 
your process must be able to handle this test. 
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The procedure for tuning using the Cohen-
Coon method is as follows: 
 

1. Put the controller in manual and wait 
for the process to reach steady state 

2. Make one or more output changes (of 
small increments but large enough to 
overcome any process noise). After 
each output change, wait for the process 
to settle out again and convert the 
change in the PV to a percent of the 
span of the measuring device. 

3. Calculate the process gain per 
the following: 

Proc Gain = change in PV [in %] / 
change in Controller Output (CO) [in %] 

 
Figure 3: Step change in a process and parameters to 

record 

 

4. Find the maximum slope on the PV 
response curve. Draw a line tangential to 
the PV response curve at the point where 
you determine the maximum slope 
occurs. Make sure the line intersects 
at the PV 

value before you introduced the step 
change. Record the time value at this 
intersection (refer to Figure 3). 

5. Measure the dead time (td) as follows: 
td = the difference between the change 
in the CO and where you drew your 
tangential line for the PV slope at the 
point of intersection (refer to Figure 3). 

6. Calculate the value of the PV at the point 
where you achieve a 63% change in value. 

7. Measure the time constant, tau, by the 
following method: 

tau – the difference in time between the 
end of the dead time (td per step 5) and 
the time when the PV reaches the 63% 
value of its total change 

8. Next, convert to the same units as your Ki 
uses (tau and td) 

9. Repeat the above steps 2-4 times and 
average the results of each parameter 

10. Using the rules in Table 3, calculate new 
tuning values 

 
Table 3: Cohen‐Coon tuning parameters 

 

To fine tune the system further, you can cut the 
Kc in half to reduce the oscillations and improve 
stability. 

 
Lambda 

 
Lambda tuning was created by E.B. Dahlin in 
1968. Dahlin’s tuning parameter was called λ 
(Lambda), hence the name Lambda tuning. This 
tuning parameter is the closed loop time constant 
and is selectable. The appeal of this tuning 
method that it produces little to no overshoot or 
oscillations. 
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The procedure for the Lambda tuning method is: 
 

1. Put the controller in Manual 
2. Make one or more output changes (of 

small increments but large enough to 
overcome any process noise). After each 
output change, wait for the process to 
settle out again and convert the change in 
the PV to a percent of the span of the 
measuring device 

3. Determine the average of the process 
parameters (td, and tau [τ]) as shown in 
Figure 3 

4. Calculate the process characteristics of 
Process Gain, the time constant, and dead 
time (td and tau). Similar to the Cohen- 
Coon procedure, find the Process Gain by: 

Proc Gain = change in PV [in %] / change 
in Controller Output (CO) [in %] 

5. Find the maximum slope on the PV 
response curve. Draw a line tangential to 
the PV response curve at the point where 
you determine the maximum slope occurs. 
Make sure the line intersects at the PV 
value before you introduced the step 
change. Record the time value at this 
intersection (refer to Figure 3). 

6. Measure the dead time (td) as follows: 
td = the difference between the change in 
the CO and where you drew your 
tangential line for the PV slope at the 
point of intersection (refer to Figure 3). 

7. Calculate the value of the PV at the point 
where you achieve a 63% change in value. 

8. Measure the time constant, tau, by the 
following method: 

tau – the difference in time between the 
end of the dead time (td per step 5) and 
the time when the PV reaches the 63% 
value of its total change 

9. Next, convert to the same units as your Ki 
uses (tau and td) 

10. Repeat the above steps 2-4 times and 
average the results of each parameter 

11. Next, choose a time constant for the closed 
loop (tauct). For effective tuning using this 
method, pick a value for tauct that is 

larger than tau (typically 3x). If your 
value is less than tau, the advantages 
of this method disappear. Note that 
the larger the value of tauct, the 
slower the response time will be. 
Conversely, the smaller the value, the 
faster the response will be 

12. Calculate the PID tuning parameters 
(controller gain Kc, integral time Ti, 
and derivative time Td) with the 
following equations: 

a. Kc = tau/(gp x (taucl + td)) 
b. Ti = tau 
c. td = zero 

 
At this point, try your new values and see 
how your loop performs. You should see a 
smooth transition of the PV from the old SP 
to the new SP. Note that the desired closed 
loop step response is a first order response. 
As part of the tuning process, the closed loop 
time constant λ (Lambda), is something the 
user specifies. 

 
Other Considerations 

 
There are several published initial values for 
each tuning parameter. Table 4 shows some 
initial parameters to consider for the different 
types of control loop applications. 

 
Loop Type  P(%)  I(min

s) 
D(mins) 

Liquid Level  < 
100 

10  ‐ 

Temperatur
e 

20 – 
60 

2 – 
15 

I / 4 

Flow  150  0.1  ‐ 

 
Liquid 
Pressure 

50 
– 

50
0 

 
0.005 ‐ 
0.5 

 
‐ 

Gas 
Pressure 

1 – 
50 

10 – 
120 

0.02 ‐ 0.1 

Table 4: Suggested initial tuning parameters 
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When tuning a loop, you need to be aware that 
changing the value of one parameter will impact 
the other one(s) and you may need to make 
additional adjustments to them. Consider the 
following interactions between parameters: 

 

Taken from: Jinghua Zhong (Spring 2006). "PID Controller Tuning: 
A Short Tutorial" 

 
There are a host of software tools available to 
assist you with your loop tuning needs. There is 
cost involved and you need to do your research as 
to how they are implemented, which methods they 
incorporate, and so forth to confirm they will help 
you with your application. 

 
Summary 

 
Each method will have those who swear by their 
effectiveness and ease of use. There are also those 
who criticize some methods and praise others. 
You will have to draw your own conclusions as 
you experiment with each method as it applies to 
your specific applications. As stated, proper 
tuning education and training are necessary to 
fully understand what is involved in tuning a loop 
and this paper is intended to generate your interest 
in the subject and encourage to seek additional 
resources to supplement your current knowledge 
level. 

 
To be effective in properly tuning your loops, you 
must understand your process. You need to know 
what your process can handle while introducing 
small upsets or changes in order to measure the 
various parameters that are used to determine your 
tuning constants. 

 
To maintain your expertise in this area, you also 
need to use it on a regular basis or you’ll lose it. 
You may also want to consider taking refresher 
training – whether that is formal training or 
researching over the Internet. Join blogs and 
forums to stay current on the applicability of the 

methods is another good idea to stay fresh. You 
may find that your peers are “tweaking” existing 
methods and finding that these “improvements” 
are making a positive influence on loop tuning. 
There are over a 100 variations of tuning methods 
out there and one of the more obscure ones may 
be just what your process needs. 
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