
Control Loop Tuning 

Once a process and associated control components are installed, the control loop 
must be calibrated to perform in the manner intended by the designer.  This is 
referred to as control loop tuning.  All material prior to this section is intended to 
prepare you for the tuning process. 

Before you set out to tune a control loop, you need to ensure the following. 

• All sensor/transmitters must be calibrated to manufacturer’s specifications 

• The end device must be properly sized for the process.  This implies all parts 
of the system must be linearized to minimize variation in process gain over 
the normal operating range of the process 

• Valves and dampers must be properly serviced to minimize sticking friction 

• All linkages must be properly configured to eliminate play 

If you do not take the time to ensure all elements of the process and control loop 
are properly configured, the time taken to tune the loop will likely be wasted. 

Controller Structures and Process Models 

The ideal controller equation for a PID controller was noted in the last section.  
However, there are a number of ways any given controller manufacturer may 
implement this algorithm.  According to the book “Handbook of PI and PID 
Controller Tuning Rules”, there are five different PI controller structures and 26 
different PID controller structures.  Various manufacturers developed these 
structures for different applications. 

Not only are there different mathematical implementations of the ideal controller 
equation, but also, each process being controlled may have a different 
mathematical model.  Even if the end result of two different processes is similar, 
there is likely to be different values of dead time and time delay.  These similar 
process differences may require different tuning parameters, even if identical 
controllers are used, so as to allow the control loop to respond as desired. 

When one considers the number of controller structures available, coupled with 
the large number of process models in existence, one can surmise that different 
tuning rules may be necessary for each unique application.  In fact, dozens of 
tuning rules have evolved over the years to handle such combinations of different 



controllers and different processes.  Some of these tuning rules are quite formal 
and highly mathematical in nature.  Others are strictly trial-and-error and should 
generally be avoided.  Between these extremes are semi-formal methods that 
combine a structured trial-and-error approach with minimal mathematic 
calculation.  These semi-formal methods tend to work well in the field.  They are a 
good compromise between the more sophisticated mathematical methods and the 
time required to perform the less accurate trial-and-error methods. 

For our purposes, we will briefly outline a common trial-and-error method, but will 
concentrate on the Zeigler-Nichols continuous cycling method, two approaches to 
a process reaction method, and the IAE (Integral of Absolute Error) method.  We 
will also address a structured trial-and-error method for PI control loops known as 
the As-Found method. 

One should also realize each tuning method will likely produce a different set of 
tuning parameters.  Even different persons using the same tuning method on the 
same loop may arrive at different parameters.  This is simply because two-mode 
and three-mode controllers have numerous response curves occurring at different 
oscillatory frequencies.  What we wish to do is determine a set of tuning 
parameters that is optimal for the process at hand. 

Trial and error 

The following method is strictly a trial-and-error method.  The primary advantage 
of this method is that it is easy to learn.  The process is as follows. 

• Eliminate the integral and derivative action.  In most cases, do this by setting 
τD and τI to zero.  In some cases, τI must be set to as large a value as 
possible.  Refer to controller literature if you are unsure. 

• Set Kc to a value sufficiently low so the control loop does not oscillate.  Put 
the controller on automatic 

• Increase Kc in small increments until you reach a condition of continuous 
cycling.  In this case, continuous cycling means sustained oscillation at 
constant amplitude.  It is critical that no element within the control loop is 
saturated at either its high or low limits. 
 
To check the loops response to each incremental gain setting, you must 
make a step change in controller set point or in process load. 



o In most cases, a set point change is accomplished by simply changing 
the set point through the software interface or the controller’s 
keypad. 
 
However, if the controller set point is changed with a rotating knob 
or a slider, a step change in set point will not be possible.  In such a 
case, one can simulate a step change in set point through the use of 
a reset schedule. 

o It is generally preferable to check control loop response by using a 
step change in process load.  One can simulate a load change as 
follows. 

 Place the controller in manual and let the system line out 

 Change the output signal by 5% to 10% and let the system 
stabilize. 

 Place the controller back into automatic.  The loop will 
respond as if there were a step change in load 

• Once you determine the value of Kc at which the system oscillates 
continuously, reduce Kc by half. 

• With Kc entered as described in the previous step, set the integral time 
constant, τI, to a large value.  Decrease the time constant incrementally until 
you achieve continuous cycling.  Set τI to 3 times this value 

• Now increase τD until you again achieve continuous cycling.  Set τD to 
one-third of this value. 

• Tweak the system to obtain the desired response. 

Disadvantages 

• Not all processes can be tuned using this method. 

• With those processes that can be tuned, it is unknown if the tuning 
parameters actually optimize loop response. 

• It is generally a time consuming method due to the number of trials 
necessary to achieve continuous cycling in each of the three modes. 



• Some processes are very slow requiring perhaps as much as an hour, even 
more, to ensure you have achieved continuous cycling.  This, coupled with 
the number of trials one may need to perform, will result in a very 
expensive process in terms of man-hours expended.  It may even result in 
lost productivity due to uncomfortable conditions within the building during 
a test on comfort systems.  If the test is on production systems, there will be 
money lost due to poor quality or unusable product. 

• Continuous cycling is often objectionable because the process is pushed to 
the limits of its stability.  As such, if any external disturbance enters the 
process while it is being tuned, the process could run away with a highly 
unstable response.  Also, it is possible to damage equipment in some 
processes when operating at the stability limits. 

Closed Loop Method – Ziegler-Nichols 

The engineering team of Ziegler and Nichols developed a modification of the 
continuous cycling method in the early 1940’s.  This method results in a system 
that is tuned for quarter-wave damping. 

Quarter-wave damping is illustrated in Figure 1.  It is considered a compromise 
between excessive oscillation and excessive settling time.  Quarter-wave damping 

Figure 1 Example of quarter wave damping 



refers to a tuning method in which control loop oscillations damp in such a fashion 
that the ratio of overshoot of any given wave is ¼ that of the previous wave.  One 
must understand not all processes should be tuned to quarter-wave damping.  
Although this is the goal of most of the tuning methods presented in this paper, 
there are other tuning methods that produce other results for other purposes. 

To employ the Ziegler-Nichols approach to loop tuning based on continuous 
cycling, follow the first three steps listed above under the trial-and-error method.  
The gain at which continuous cycling occurs is known as ultimate gain (Ku).  
Determine the period of the oscillations as shown in Figure 2.  Using the equations 
summarized in Table 1, calculate the appropriate controller tuning parameters 
necessary to achieve quarter-wave damping.  Input the calculated values of gain, 
integral time constant, and derivative time constant into the controller.  Test and 
adjust as necessary. 

Control Mode Kc τI τD

P 0.5 Ku --- --- 
PI 0.45 Ku Pu /1.2 --- 

PID 0.6 Ku Pu /2 Pu /8 

Table 1 Ziegler Nichols equations for calculating controller tuning parameters based on a closed-
loop analysis.  These parameters will result in quarter-wave damping 

 

Figure 2  A sample trace of a continuously cycling control loop.  This loop cycles with the controller 
set to ultimate gain (Ku) at a frequency with a period of Pu. 



Process Reaction Methods 

Process reaction methods of loop tuning are accomplished with an open loop.  In 
other words, the feedback portion of the loop is broken.  When a step disturbance 
is injected to the system, the system will respond in accordance with the time 
elements associated with the loop and reach a new point of equilibrium.  An 
analysis of this response allows one to determine the appropriate controller tuning 
parameters to achieve quarter amplitude damping.  The following steps describe 
the data collection phase of the open loop analysis. 

• Place the controller in manual mode.  Make sure the process is lined out.  
Make a step change in the controller output.  The step change should be as 
small as possible, but should not exceed a 10% change.  This change will 
force the process to change in a fashion similar to Figure 3. 
 
If the controller cannot be placed in manual, you must disconnect the 
sensor input.  Connect an artificial signal to the controller input terminals.  
Bump the controller output as described above. 

• Calculate a process gain, a process dead time, and a process time lag as 
indicated in Figure 3.  Make sure you draw the tangent line to the steepest 
part of the reaction curve.  Use the relations in Table 2 or in Table 3 to 
determine the appropriate controller tuning parameters. 

• Enter the tuning parameters, place the controller back in ‘Auto’, and 
perform a closed loop test.  The test should result in quarter-wave damping.  



Tweak the settings as necessary. 

Figure 3 Analysis of an open loop response 

Control Mode Kc τI τD 

 

P 
D pT K
τ  --- --- 

PI 
0.9

D pT K
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1.2

D pT K
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Table 2 Ziegler Nichols tuning parameters for quarter-amplitude damping using the process reaction 
method. 
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Table 3 Cohen-Coon controller tuning relations for quarter-amplitude damping using the process 
reaction method 

Although there are a number of process reaction methods available, the 
Ziegler-Nichols method and the Cohen-Coon method are debatably the most 
common.  The goal of both methods is quarter-wave damping.  The primary 
difference is the Cohen-Coon relationships represent a refinement of the 
Ziegler-Nichols process reaction method. 

Advantages 

• There is no need to perform multiple trials.  Generally, a single trial is all 
that is necessary to obtain proper controller settings. 

• Controller settings are relatively easy to calculate 



• You do not operate at the stability limit of the process 

• There is less chance of saturating control loop components 

• Determination of process dead time and process time lag often provides 
insight into the process not otherwise obtained with a closed-loop test 

Disadvantages 

• Since the test is conducted without controller feedback, any significant 
change in process load may provide erroneous results 

• If the process is noisy, it may be difficult to determine which part of the 
reaction curve has the steepest slope so as to construct your tangent line.  
In such cases, multiple trials may be necessary. 

• These relations are considered valid only if 0.1 0.5DT τ< < . 

Chien Method 

All of the aforementioned methods result in quarter-amplitude damping.  
Although this is purported to be a valid compromise between stability and speed 
of response, it is an aggressive tuning method not suitable for all applications.  
When one has an application in which quarter amplitude damping is inappropriate, 
a different method may be more suitable.  One such method is proposed by Chien.  
This method is an open loop method in which the goal is either 0% overshoot or 
20% overshoot.  To apply the method, perform an open loop test as described 
above.  Determine the dead time and time lag.  The Chien method is valid only if 
0.1 1DT τ< < .  Once you determine the process characteristics fall within this 
range, you can determine the controller settings as outlined in Table 4. 

0% Overshoot 20% Overshoot Tuning 
Parameter PI PID PI PID 

Kc 0.6

D pT K
τ  0.95

D pT K
τ  0.7

D pT K
τ  1.2

D pT K
τ  

τI 4 DT  2.38 DT  2.33 DT  2 DT  
τD --- 0.42 DT  --- 0.42 DT  

Table 4  Chien controller tuning relations – Ideal Controller with non-interacting parallel architecture 

The calculations shown in Table 4 are for a non-interacting controller in which the 
proportional, integral and derivative logic is arranged in parallel then added to 



provide a controller output.  Most controllers use some form of interacting model 
in which the proportional, integral, and derivative logic is placed in a series 
arrangement.  For the case of an interacting controller, Chien was modified by 
O’Dwyer to provide tuning parameters for a non-interacting PID controller.  As 
with Chien, O’Dwyer is valid only if 0.1 1DT τ< < . 

0% Overshoot 20% Overshoot Tuning 
Parameter PID PID 

Kc 0.7326

D pT K
τ  0.84

D pT K
τ  

τI 1.8353 DT  1.4 DT  
τD 0.5447 DT  0.60 DT  

Table 5  O’Dwyer controller tuning relations – Classical Controller with interacting series architecture 

IAE Tuning Method 

The Integral of Absolute Error (IAE) tuning method is a rather sophisticated 
method that attempts to provide tuning parameters that are unique for a set point 
disturbance vs. a load disturbance.  When a disturbance is applied to a process, the 
control loop responds and attempts to compensate for that disturbance.  Until the 
system is brought back under control, there exists an error, at any instant of time, 
between the control point and the set point.  The IAE method attempts to 
minimize the sum of errors over any specified period of time.  Mathematically, this 
method is defined as: 

0
| ( ) |IAE e t dt

∞
= ∫  

Since a set point disturbance is quite different from a load disturbance, Tables 5 
and 6 provide different parameters for each condition.  As with the previous 
methods, the IAE method is applicable only when 0.1 1DT τ< < . 
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Table 6 Minimum IAE tuning parameters for load disturbance 

 

Control Mode Kc τI τD 

 

PI 
0.8610.758 D

p

T
K τ

−
⎛ ⎞
⎜ ⎟
⎝ ⎠

 1.02 0.323 DT
τ

τ
⎛ ⎞− ⎜ ⎟
⎝ ⎠

 
--- 

PID 
0.8691.086 D

p

T
K τ

−
⎛ ⎞
⎜ ⎟
⎝ ⎠

 0.740 0.130 DT
τ

τ
⎛ ⎞− ⎜ ⎟
⎝ ⎠

 

0.914

0.348 DTτ
τ

⎛ ⎞
⎜ ⎟
⎝ ⎠

 

Table 7 Minimum IAE tuning parameters for Setpoint Disturbances 

 ‘As-Found’ Tuning 

The ‘As-Found’ tuning method is a semi-formal method developed by Harold 
Wade.  It was developed for use in the process industry and is typically used only 
for PI controllers.  However, this procedure lends itself exceptionally well to the 
HVAC control technician and engineer as well.  The primary advantages of this 
procedure are its simplicity, the relatively short time it takes to tune the loop, and 
the fact that there is minimal disruption to the operating process. 

The following description of the process, and the flow chart used to graphically 
depict the process, is taken from a computer simulation laboratory exercise 
developed by Harold Wade.  This procedure has been published in ‘InTech’, the 
member journal for the Instrumentation, Systems, and Automation Society (ISA). 



As excerpted from a student lab exercise written by Harold Wade 

Quite often a control systems engineer or instrumentation technician is called 
upon to improve the behavior of a loop that is currently in operation, but without 
resorting to either the open loop or closed loop testing methods. Assuming that 
the loop is not behaving acceptably at present, and that process and equipment 
problems (e.g., sticking valve) have been eliminated, then most persons resort to 
“trial and error” tuning. For novice tuners, this is often simply an exploratory 
procedure; “How about changing this knob in this direction and see what 
happens”.   

This laboratory exercise presents a method for directed trial and error tuning, 
where each tuning parameter change is made for a deliberate reason. The 
objective is to go from the current unacceptable behavior to acceptable behavior 
as efficiently as possible; i.e., in the fewest number of tuning parameter changes.   

This method is based upon the premise that if a PI controller, controlling a self-
regulating process, is well tuned (that is, exhibiting a slightly underdamped 
oscillation with a quarter wave decay), then there will be a predictable relationship 
between the period of oscillation (P) and the integral time (TI). This relationship 
(stated in three different ways) is: 

1.5 2.0 (1)
1.5 2 (2)
0.5 0.67 (3)

I

I I

I

P T
T P T
P T P

≤ ≤
≤ ≤
≤ ≤

 

This premise leads to the following rule-based procedure: 

1. If the loop is not oscillating, increase the gain, say by 25 to 50%. 

2. If the loop is oscillating then: 

2.1. If the Period is between 1.5 and 2.0 times the integral time (or the period-
to-reset ratio is between 1.5 and 2.0), then either increase or decrease the 
gain as required to obtain the desired decay ratio (such as quarter wave 
damping) 

2.2. If the Period is greater than 2.0 times the integral time (or the period-to-
reset ratio is greater than 2.0), then choose a new integral time according 
to the criterion:  0.5 0.67IP T P≤ ≤

2.3. If the Period is less than 1.5 times the integral time (or the period-to-reset 
ratio is less than 1.5), then 



2.3.1. If the decay ratio is greater than 1/4, then decrease the gain, say by 
25 to 50%, depending upon how much the decay ratio exceeds 1/4.  

2.3.2. If the decay ratio is less than, or approximately equal to, 1/4, then 
choose a new integral time, using the criterion given in 2.2. 

3. After each adjustment, make a slight set point change to test the response to 
the latest combination of tuning parameters. 
 
The essence of the rule-based procedure listed above is shown in flow chart form 
in a figure [on the next page]. 
 

End Excerpt 
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