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Introduction 
 
Today there are a vast number of 3 mode 
controllers available in the industry.  There are 
also a vast number of ways to setup and tune a 
system.  There are two types of Three Mode 
Control: Open Loop and Closed Loop Control.  
Changes in an Open Control loop do not 
directly affect the process.  Changes in a Closed 
Loop do directly affect the process.  For this 
paper, we will be discussing Closed Loop 
Control. 

 
After this discussion, you will know: 

● How a Three Mode PID loop works 
● The definition and function of each 

mode 
● How to prepare to tune a loop 

 

 
 
 
 
 
 
 
 
 
 
 
Practical Application 

If you have ever driven a car, you have done 
Three Mode Control.  The speed of the car is the 
Process Variable (PV), the speed limit is the 
Setpoint (SP), and your foot is the Controller 
Output (CO).  If the car speed does not match 
the speed limit, your brain measures the 
difference, makes a decision, and adjusts your 
foot to move the pedal to increase or decrease 
speed accordingly.  You do this in your head 
automatically, but a controller can’t think.   
 
We would have to tune the controller for the 
magnitude of change your foot makes (P), 
whether it reacts again after making an initial 
movement (I), and whether to reduce the 
magnitude of the pedal movement before you 
achieve your desired speed based on the 
acceleration rate of the car (D).  When you have 
reached a speed close to your desired setpoint, 
you may choose to not make any more changes.  
That window of allowable variation is 
Deadband.  You will not make any additional 
changes to your vehicle speed as long as you 
continue to stay within the allowable limit of 
error. 
 
Three Mode Control Theory 
 
There are three elements needed for Three 
Mode Control:  The Process Variable (PV), the 



Setpoint (SP), and the Controller Output (CO).  
The Process Variable is the actual measurement 
in the process.  The Setpoint is the desired target 
of the measured Process Variable.  Controller 
Output is the output signal that will adjust the 
final control element which in turn will bring 
the Process Variable to the Setpoint.  Typically 
a controller of some sort (PLC, RTU, or DCS) 
will measure the Process, compare that to a 
defined Setpoint, make a decision based on the 
error between the Process Variable and the 
Setpoint, and send out a signal to control the 
process.  This will happen continuously, and is 
the basis of all Three Mode Control.   
 
PID Definition 
 
Three Mode Control, or PID control involves 
three separate tuning parameters: Proportional, 
Integral, and Derivative values. Simply put, 
these values can be interpreted in terms of time.  
Each tuning parameter can be represented in a 
standard or inverse fashion, and it’s important to 

realize which units of measurement the 
controller is using.  
 
“P” - This looks at the present error 

� This is represented as Proportional Band.  
This means that the lower the Proportional 
Band, the larger the controller output change 
will be proportional to the SP-PV error.  

o “P” can also be represented as Gain 
which is the inverse of Proportional 
Band (Gain = 1/Proportional Band) 

 
 
 
 
 
 
 
 

“I” - Integrates the accumulation of past errors 

� This is generally represented in Minutes per 
Repeat.  This means the controller will wait 
the specified number of minutes before 
“looking” at the SP-PV error again. 

o “I” can also be represented as 

Repeats per Minutes which is the 
inverse of  Minutes per Repeat 
(Repeats per Minute = 1/Minutes per 
Repeat) 

 
 
 
 
 
 
 
 
 
 
 
 
“D” - Derivative anticipates where the process 
is heading by looking at the time rate of change 
of the controlled variable 

� This has a dampening effect on the tuning, 
but can also create instability with fast 
acting systems 

o “D” can also be represented as 

Rate which is the inverse of 
Derivative (Rate = 1/Derivative) 

 
 
 
 



Deadband 
 
 
 
 
 
 
 
 
 
Another important term is Deadband.  This sets 
a "window" around the Setpoint of the PID. 
When the process variable is within this 
window, the system does not recalculate a 
change in output 
 
Using these tuning parameters, a controller will 
measure the error between the desired setpoint 
and the measured process variable and make a 
weighted decision to adjust the process via the 
controller output.  This may be something like a 
control valve, a damper, or a motor drive.  
 
PID Tuning Methods 
 
There are many ways to tune a loop; we will 
cover a few here. 
 
Manual tuning:  
 
This is generally the most common form of 
tuning.  Somebody sees that a loop needs to act 
a little faster or slower, and they simply increase 
the Gain or decrease the Reset.  This may work, 
but there is no knowledge of how the loop will 
respond to further upset.  This method also 
requires quite a bit of personal experience to 
“feel” the loop. 
 
Ziegler-Nichols (Quarter Wave Decay): 
 
This is an aggressive tuning method that is 
designed to give loops good disturbance 

rejection.  Refer to Graph 1 below for a visual 
representation of the loop response of this 
tuning method. 

1. Turn the reset time to its longest or highest 
setting 

� Reset the rate in repeats per minute 
to its lowest or shortest setting 

2. If used, turn the derivative to zero or its 
minimum 

3. Increase the gain (decrease the proportional 
band) until the loop maintains a small 
sustained cycle. 

4. Note the cycle, Pn, (the time for one 
complete cycle) this will be called natural 
period 

5. Set the controller adjustments to: 
� Cut the gain in half the value that 

caused the oscillation 
o Double the number if using 

Proportional Band 
� Set the Minutes per Repeat to the 

same as the natural period,  
o Minutes per Repeat = Pn 
o Repeats per minute would be 

the inverse of this number 
� If process dampening is needed, set 

Derivative time in minutes to 1/8th 
the natural period 

o Derivative = Pn / 8 
 
 

 
Graph 1- Typical response for Ziegler-Nichols 
method 
 



Lambda: 
 
The Lambda tuning method is a great alternative 
for those looking for a proven tuning method 
that will result in little to no overshoot or 
oscillation.  It does have its drawbacks though, 
as it can be quite slow to achieve final setpoint 
if the process has a very long time constant.  A 
useful feature of Lambda tuning though is that 
you can specify the desired response time for 
the control loop. This provides one tuning factor 
that can be used to speed up and slow down the 
loop response.  
 
The steps listed below are found online at 
Control Notes or (http://blog.opticontrols.com/)  

1. Do a step-test and determine the process 
characteristics 

a. Place the controller in manual mode 
and wait for the process to settle out. 

b. Make a step change in the controller 
output (CO) of a few percent and 
wait for the process variable (PV) to 
settle out. The size of this step 
should be large enough that the PV 
moves well clear of the process 
noise/disturbance level. A total 
movement of five times the 
noise/disturbances on the process 
variable should be sufficient. 

c. Refer below to Graph 2, and 
calculate the process characteristics 
as follows: 
 

Process Gain (gp) 
Convert the total change in PV to a 
percentage of the measurement span. 
gp = change in PV [in %] / change in 
CO [in %] 
 
 

Dead Time (td) 
 
Note: Make this measurement in the 
same time-units your controller’s 

integral mode uses. E.g. if your 
controller’s integral time is in minutes, 

use minutes for this measurement. 
 
Find the maximum slope of the PV 
response curve. This will be at the point 
of inflection. Draw a line tangential to 
the PV response curve at this point. 
Extend this line to intersect with the 
original level of the PV before the step 
in CO. Take note of the time value at 
this intersection. 
 
td = time difference between the change 
in CO and the intersection of the 
tangential line and the original PV level 
 
Time Constant (tau) 
 
Calculate the value of the PV at 63% of 
its total change. On the PV reaction 
curve, find the time value at which the 
PV reaches this level 
 
tau = time difference between 
intersection at the end of dead time, and 
the PV reaching 63% of its total change 
 
Note: Make this measurement in the 
same time-units your controller’s 

integral mode uses. E.g. if your 
controller’s integral time is in minutes, 
use minutes for this measurement. 
 
Step Test for Lambda Tuning 

d. Repeat steps b) and c) two more 
times to obtain good average values 



for the process characteristics. If you 
get vastly different numbers every 
time, repeat the step tests until you 
have a few step tests that produced 
similar values.  Use the average of 
those values. 
 

2. Pick a desired closed loop time constant 
(taucl) for the control loop 

a. A large value for taucl will result in 
a slow control loop, and a small taucl 
value will result in a faster control 
loop.  Generally, the value for taucl 
should be set between one and three 
times the value of tau. 

b. Use taucl = 3 x tau to obtain a very 
stable control loop.  If you set taucl 
to be shorter than tau, the advantages 
of Lambda tuning listed above soon 
disappear. 
 

3. Calculate PID controller settings using the 
equations below 
 

Controller Gain (Kc) 
 
Kc = tau/(gp x (taucl + td)) 
Integral Time (Ti) 
 
Ti = tau 
 
Ki [min-1] = 1/Ti [min] 
 
Where Ki is reset / integral gain and Ti is 
integral time 
 
Derivative Time (Td) 
 
Td = zero. 
 
 
 

 
Graph 2– Step test for Lambda method 

 
Software Tools: 
There is a wide variety of software tools out in 
the industry built to help with tuning your loop.  
Some are online/offline training simulators, 
some step you through the steps of your 
preferred method of tuning, and some even 
automatically tune for you.  Generally the 
automatic tuning software packages will require 
several process bumps or upsets, and then go 
about implementing a tuning solution.  Once 
they are done, they will give you a suggested 
range of tuning sets to choose from.  Ultimately 
it is you as the actual user that must accept the 
tuning set. 
 
 
 
 

Method Pros Cons 

Manual 
tuning 

No math 
required, 

impress your 
friends; Can be 

done online 

Requires 
experienced 

personnel, or just 
guessing 



Ziegler–
Nichols 

Proven method, 
easy to 

remember, good 
disturbance 

rejection; Can 
be done online 

Process upset, 
some trial-and-

error, very 
aggressive 

tuning, may 
become unstable 

if the process 
characteristics 

change 
dramatically 

from the ones 
used for tuning.  
Some overshoot 
and undershoot 

will occur in 
regular operation 

Lambda 

Low overshoot, 
tuning will 

remain stable 
even if the 

process 
characteristics 

change 
dramatically 

from the ones 
used for tuning; 

Can be done 
online. 

Some math; 
requires 

bumping the 
process to 
measure 

response time 
and the need to 

measure the 
process 

throughout the 
process bump 

Software 
tools 

Consistent 
tuning; online or 

Some cost or 
training 

offline - can 
employ 

computer-
automated 

control system 
design 

techniques; may 
include valve 

and sensor 
analysis; allows 

simulation 
before 

downloading; 
can support non-

steady-state 
(NSS) tuning. 

involved, may 
need to be 

integrated into 
existing control 

software  

 
Rules of Thumb 

The following Table (Table 1) is a good starting 
point for controller settings 

Loop Type P(%) I(mins) D(mins) 
Liquid Level < 100 10 - 

Temperature 
20 - 
60 2 - 15 I / 4 

Flow 150 0.1 - 
Liquid 

Pressure 
50 - 
500 

0.005 - 
0.5 - 

Gas Pressure 1 - 50 10 - 120 
0.02 - 

0.1 
Table 1– Good Rule of Thumb guide for 
initial tuning 

 
 
 
 
 



The chart (Chart 1) below explains the speed of 
response relationship of P and I in a control 
loop.   

 
Chart 1– P and I response reference 
 
Conclusion 
 
Each control loop is different and there is no 
“best” way to tune them.  You must evaluate 
each loop and determine several things like: 
desired speed of response, if the final process 
can handle oscillation by overshoot and 
undershoot, whether or not the process can be 
bumped around to tune in the first place, 
allowable time the process can be in error to the 
setpoint, and how close the process has to be 
once it reaches the actual setpoint. 
 
Once you determine how the process should 
react, then you can make an informed decision 
on how to setup and tune your loop.    
 
 


