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1 Introduction Control Training 1/ Il

With the Control Training | / Il the behavior of controlled systems, controllers and control loops can
be examined on simulated systems.

Control Training I:

[l Overview

Practical Training

10x Lizenz, Schoop, Leihversion

1. Liquid level control

1.1 Uncontrolled system

1.2 Closed-loop controlled system

1.3 Examine controlled system

1.4 Closed-loop control with P controller

1.5 Closed-loop control with | controller

1.6 Closed-loop control with P controller

1.7 Closed-loop control with PID controller

1.8 Closed-loop control with two-pos. controller

2. Liquid level contrel with time delay
2.1 Uncontrolled system
2.2 Closed-loop controlled system
2.3 Examine controlled system
2.4 Closed-loop control with P controller
2.5 Closed-loop control with | controller
2.6 Closed-loop control with Pl controller
2.7 Closed-loop control with PID controller

3. Temperature control

3.1 Uncontrolled system

3.2 Closed-loop controlled system

3.3 Examine controlled system

3.4 Closed-loop control with P controller

3.5 Closed-loop control with | controller

3.6 Closed-loop control with PI controller

3.7 Closed-loop control with PID controller

3.8 Closed-loop control with two-pos. controller

4. Temperature control with time delay

4.1 Uncontrolled system

4.2 Closed-loop controlled system

4.3 Examine controlled system

4.4 Closed-loop control with P controller
4.5 Closed-loop control with | controller
4.6 Closed-loop control with Pl controller
4.7 Closed-loop control with PID controller
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5. Mixing container cascade

5.1 Uncontrolled system

5.2 Closed-loop controlled system

5.3 Examine controlled system

5.4 Closed-loop control with P controller

5.5 Closed-loop control with | controller

5.6 Closed-loop control with PI controller

5.7 Closed-loop control with PID controller

5.8 Closed-loop control with cascade controller

6. PTn controlled systems

6.1 Select controlled system

6.2 Examine controlled system

6.3 Closed-loop control with P controller
6.4 Closed-loop control with | controller
6.5 Closed-loop control with Pl controller
6.6 Closed-loop control with PID controller

2.8 Closed-loop control with two-pos. controller 4.8 Closed-loop control with two-pos. controller 7. Controller behaviour

‘ ‘ Configure the printer

7.1 P controller
7.2 | controller
7.3 Pl controller
7.4 PID controller
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r
il Overview

Practical Training o
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1. Controller Behaviour

1.1 P controller

1.2 1 controller

1.3 Pl controller

1.4 PID controller

1.5 Three-position controller

2. Room Temperature Control

2.1 Uncontrolled system

2.2 Controlled system

2.3 Examine controlled system

2.4 Closed-loop control with P controller
2.5 Closed-loop control with | controller
2.6 Closed-loop control with Pl controller
2.7 Closed-loop control with PID controller

3. Engine Speed Control

3.1 Uncontrolled system

3.2 Controlled system

3.3 Examine controlled system

3.4 Closed-loop control with P controller
3.5 Closed-loop control with | controller
3.6 Closed-loop control with Pl controller
3.7 Closed-loop control with PID controller

rol Engineering Il
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4, Flow Rate Control

4.1 Uncontrolled system

4.2 Controlled system

4.3 Examine controlled system

4.4 Closed-loop control with P controller
4.5 Closed-loop control with | controller
4.6 Closed-loop control with Pl controller
4.7 Closed-loop control with PID controller

5. Liquid Level Control

5.1 Uncontrolled system

5.2 Controlled system

5.3 Examine controlled system

5.4 Closed-loop control with P controller

5.5 Closed-loop control with | controller

5.6 Closed-loop control with PI controller

5.7 Closed-loop control with PID controller

5.8 Closed-loop control with 3-position controller

6. Cooling Chamber Control

6.1 Uncontrolled system

6.2 Controlled system

6.3 Examine controlled system

6.4 Closed-loop control with 3-position controller
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2 Controller Behavior, Control Training I/ll

In this section you can examine the behavior of the P, |, Pl and PID controllers. The controller
examinations are the same for both trainings.

The Control Training Il additionally offers the option of examining the behavior of a three-position
controller.

2.1 P Controller
Select in the menu under controller behavior the P controller (item 1.1 or item 7.1)

The P controller works like an amplifier.

Task 1.

Click “Start”.

Set the controller parameter "Gain" to 3.
Enter the value 10 for the control deviation e.

Observe the controller output (control signal, actuating variable) y.
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The input value of the controller e = 10 is amplified with gain 3. The controller output y then assumes
the value y = 30.
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If you enter the value -10 for e, y receives the value -30. In many cases, the controller output is
limited from 0% to 100%, so that the controller output cannot have negative values. Therefore, the
value 0 is displayed for y in the trend display.
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Select the | controller (item 1.2 or 7.2) under controller behavior. The | controller works like an

2.2 | Controller

integrator.
An integrator has following behavior:

e If the input to the integrator is positive (greater than 0), the output of the integrator
increases.

e If the input to the integrator is negative (less than 0), the output of the integrator decreases.

e If the input to the integrator is equal to 0, the output of the integrator retains its value.

Task 2.

Click “Start”.

Set the controller parameter “Reset time” to 1.

Enter e = 1 for the control deviation (difference between set point and actual value).

Observe the behavior.

-
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The output y of the controller begins to increase.

The slope of the increase iny is 1, i.e. the output y increases by 1 in one second.
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Task 3.

Click “Start”.

Set the controller parameter "Reset time" to 1.
Enter for e the value 1. Wait until y has exceeded 30.
Change the value frome=1toe =0.

Observe the behavior.
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If the input e of the | controller (integrator) is 0, the output of the | controller retains its value (y
remains constant).

Task 4.
Now change the input e to -1.

Observe the behavior.

10
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@ TestI controller = X
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First the input e of the controller has the value 0 and y is constant. When input e is set to -1, output y
decreases. It constantly drops with the slope -1, i.e. the output y decreases by 1 in one second.

Task 5.
Carry out the above experiments with the reset time 10.

Observe the behavior.
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With input e = 1, output increases 10 times slower than in the previous tasks. While e = 0 the output
remains constant. While the input is negative, the output drops 10 times slower.

The slope of the output y depends on the reset time. The slope of the output y is 1/(reset time) or -
1/(reset time), depending on whether input e is positive or negative

If the input e is enlarged, the output increases quicker by the enlargement factor. The same applies if
the input is negative.

As can be seen from these tasks, the | controller behaves like an integrator. If it’s input is positive,
the output increases continuously. If the input is zero, the output retains its value. If the input is
negative, the output decreases continuously.

Conclusion:

From the behavior of the | controller it can be concluded that with a controller with an |
component (integrator) the actual value (control variable) is either adjusted to the set point
(reference variable) after a settling phase or the control loop becomes unstable.

This is concluded from the fact that the | controller only outputs a constant value while its input e
is equal to 0. The input to the controller is the difference between set point and actual value, i.e.
only if the actual value is equal to the set point, the input e is equal to 0.

12



2.3 Pl Controller
Select the PI controller (item 1.3 or 7.3) under controller behavior.

The output of the Pl controller is calculated with the following formula:

1
V(1) =K -(e(t) + = [[&(r)-d7) K= Gain, Ti= Reset time
|

The PI controller is therefore a combination of P and | controllers, with gain K acting on input e and

on the integrator.

Task 6.

Click “Start”.

Set the following parameters: Gain K = 2, reset time Ti = 10.
Perform the following actions one after the other with a time delay:
e=10,Ti=20,e=0,e=-10,Ti=10

Observe the behavior.
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/ Dr.-Ing. Schoop

[dl Test PIcontroller = i
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You will get roughly the above trend display for e and y.
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The investigation of the time behavior of the Pl controller is shown in the figure above. First, the
input e of the PI controller is set from 0 to 10. The input signal e (brown signal, control difference)
follows accordingly. Since the gain of the Pl controller is 2, the output signal y immediately assumes
the value 20.
The reset time Ti (Tn) of the | component initially has the value 10. The gain 2 results in a total time

constant of 10/2 = 5. The output signal y (blue signal, actuating variable, control signal) rises evenly
and after 10s reaches a value increased by 20 (step e to 10).

The reset time Ti was adjusted from 10 to 20. The rise of the output signal y is slower because the
time constant is now 20/2 = 10. With a time constant of 10, the output would reach the value 1 after
10 seconds with an input step of 1. Since we have specified an input step of e = 10, output y reaches
the 10 after 10 seconds.

Then the input signal e is reset to 0. The P component then immediately is O, i.e. the output signal y
immediately decreases by 20. The | component of the Pl controller retains its value, so that from this
point in time the output has a constant value. The constant value is factor 20 smaller than the value
of the output signal at the switching point.

This is followed by a step from e to -10. Due to the gain of 2 (P component), the output signal y
immediately decreased by 20. Due to the | component, y then continuously decreases. Output y
decreases by 10 within 10 seconds because of the reset time Ti = 20s and the gain K = 2 (calculation
as above).

Changing the reset time to Ti = 10 then caused the output to decrease twice as quickly.

14
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2.4  PID Controller

Select the PID controller (item 1.4 or 7.4) under controller behavior.

The output y of the PID controller is calculated using the following formula:

1 ¢t . K = Gain, Ti = Reset time,
V() =K (e(t) + = [e(@)-dz+T, -e(t)
|

Td = Derivative time

The PID controller is therefore a combination of P, | and D components, with the gain K acting on
input e, integrator and D component.

Task 7.

Click “Start”.

Set the following parameters: Gain K = 2, reset time Ti = 10, derivative time Td = 2.
Make the following entries one after the other with a time delay:
e=10,Ti=20,e=0,e=-10,Ti=10

Observe the behavior.

[l Test PID controller = e e
.
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In the figure above, a control deviation step is applied. The input signal e (brown signal, control
difference) steps from 0 to 10. The D component of the PID controller immediately results in a peak
of the output signal y, since the derivative of a sudden change approaches infinity.

The gain of the PID controller has the value 2. As a result, the peak in the next time step resets to 2x
input signal, i.e. to 20 (blue signal).

The D component has no effect while there is no change in the input signal e.

The reset time Ti of the PID controller is 10s. With the gain of 2 also affecting the | component of the
PID controller, the overall time constant is 10/2 = 5. The output signal y (blue signal, actuating
variable, control signal) increases steadily and after 10s it reaches a greater value by factor 20 (input
step e =10).

After a few seconds the reset time is changed from 10 to 20. The slope of the output signal y is now
less steep because of the new time constant 20/2 = 10. This means with an input step from0Oto 1,
the output reaches the value 1 after 10 seconds. Since we applied a step from 0 to 10, output y
increases by 10 after 10 seconds.

Then the input signal e is reset to 0. Due to the sudden change in the input signal, the D component
of the PID controller again immediately results in a peak downwards in output signal y. The P
component immediately is 0, which results in an output signal y 20 times smaller.

The | component of the PID controller retains its value, so that the output has a constant value from
this point in time. The value is 20 times smaller than the value of the output signal at the switching
point.

Then e is set to -10. The D component caused a negative peak and the P component results in a
sudden decrease of the output signal by 20 after the peak. The | component then continuously
decreases in the reset time Ti.

By adjusting the reset time to 10s, the speed in decreasing is doubled.

The D component of the PID controller reacted three times in this example, namely always when the
input signal e is changed. In general, the D component of the PID controller only outputs a value
when the input signal of the controller changes, i.e. when there is a change in the difference
between the set point and the actual value.

16
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Go to ,,Overview” and under controller behavior, select the three-position controller (item.1.5).

2.5 Three-Position Controller

The three-position controller is a discontinuous controller that can output three states as a control
signal. Depending on the difference between set point and actual value, the first, the second or the
third state is set.

An example for the use of a three-position controller is the temperature control in a cooling
chamber. If the temperature is too high it must be cooled. If the temperature is too low, it must be
heated. If the temperature is in a range around the set point, neither heating nor cooling is
necessary.

Another example of the use of a three-position controller is a motorized valve that is used to control
flow rate. If the flow rate is too high, the valve must close (motor running counter-clockwise). If the
flow rate is too low, the valve must open (motor running clockwise). If the flow is in a range around
the set point, the motor is not activated.

On the page for examining the three-position controller, a diagram is shown in which the control
signal y is plotted against the control error e. The control error can be automatically moved between
-100 and 100 using the arrow buttons. The control signal then assumes the values -1, 0 or 1
depending on the control error e and the controller parameters.

Task 8.
Click “Start”.
Set the controller parameters "Threshold" to 10 and "Hysteresis" to 5.

Click the arrow pointing to the right. Wait until the control error has reached approximately 50. Then
click the arrow pointing to the left.

Let the control error e run to approximately -50 and then click the arrow pointing to the right again.
Monitor the diagram.

How does the control signal y behave depending on the control error with the controller parameters
"threshold" and "hysteresis" and the direction (increase or decrease) of the control error e.

17
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[l Test three-position controller E‘_Iél

Examine controller behaviour three-position controller
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| Overview

After clicking the arrow pointing to the right, the control error e slowly begins to increase
continuously.

The control signal y remains at 0 until the control error has reached the threshold of 10. Then the
control signal y steps to its maximum value 1 and remains at 1.

If the arrow pointing to the left is clicked, the control error e slowly and continuously decreases.
Only when the control error e is smaller than the hysteresis of 5, the control signal y steps to 0.

If the control error e runs below the value -10 (threshold), the control signal y steps to it’s minimum
value -1.

If the control error e is allowed to increase again by clicking the arrow pointing to the right, the
control signal y remains at -1 until the hysteresis -5 is reached, then y steps to 0.

The control signal y therefore assumes the values -1, 0, 1, depending on the control error (difference
between set point and actual value), the chosen "threshold" and "hysteresis" and the direction
(increase or decrease) from which the control error e changes.
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3 Room Temperature Control (Control Training Il)

The room temperature control of the control training Il is the typical introductory example in control
engineering. The temperature behavior in a room is known to everyone through personal
experience.

The process is a room that is heated by an electric heater. The technical control task is to control the
temperature of the room by changing the heating power so that it corresponds to a specified set
point. The heating power is the input variable (actuating variable), the internal temperature of the
room is the output variable (controlled variable) of the system. The outside temperature and the
degree of window opening represent disturbance variables.

3.1 Uncontrolled System (Manual Control)
In Control Training Il, select item 2.1 "Uncontrolled system".

Click “Start”. You can now change the values for the set point (Setp. temp. °C), the heating power
(Heating %), the outside temperature (Outside temp. °C) and the window opening (Window %) using
the slider or by entering values below the slider

Task 1.

Enter 22°C as set point (reference variable) and try to adjust the heating power (control signal,
Heating) so that the actual value (controlled variable, Inside temp.) equals the set point (Setp.
Temp.).
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Info:

If the set point is adjusted and an attempt is made to adjust the actual value (controlled variable)
to the new set point (reference variable), we speak of the command response.

Task 2.

Open the window, set the window opening to 20%.

What will happen ?
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Overview

Since the outside temperature is 15°C, the room temperature (inside temperature) will decrease

when the window is open.
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Task 3.

With the window open, try to adjust the internal temperature to the set point of 22°C by adjusting
the heating power.
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Due to the external disturbance, an attempt must be made to adjust the actual value (controlled
variable) to the set point (reference variable) by adjusting the heating power (actuating variable).

Info:

When responding to a disturbance in the system, one speaks of the disturbance response of the
control loop.
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Task 4.

Close the window and try to adjust the internal temperature to the set point value of 22°C by
adjusting the heating power.

When the actual value has stabilized at the set point, change the outside temperature (Outside
temp.) by setting it from 15°C to 10°C.

What will happen?
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As the outside temperature decreases, the inside temperature in the room decreases likewise.
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Task 5.

Try to correct the disturbance caused by the new outside temperature by adjusting the heating

power.
il Temperature uncontrolled =]
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The internal temperature decreases due to the disturbance occurring from the outside temperature.

In order to compensate for this disturbance, the heating power must increase. This is again about the
disturbance response in the control loop.

Everyone knows from personal experience that the heating power has to be increased when the
outside temperature is decreasing.
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3.2 Closed-loop Control Examination

3.2.1 Closed-loop Control System
Return to ,Overview” and select item 2.2 ,Controlled system*.

Here you can see how the system behaves in principle if, instead of manual control by the user, a
controller takes over the task of adapting the actual value to the set point.

Task 6.

Click “Start” and enter 22°C as set point.
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With overshoot, the actual value approaches the set point after a certain time.

Even if a disturbance is applied e.g. by changing the outside temperature, the controller works to
adjust the actual value to the set point.
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3.2.2 Closed Loop Control with P Controller

Go to "Overview" and select item 2.4 "Closed-loop control with P controller".

Task 7.

Click “Start”.

Since the actual value (controlled variable) and the set point (reference variable) have a value of
15°C, there is no need for heating. The controller therefore outputs 0% heating power as a control

signal.

Change the set point to 22°C and wait until the control loop has settled, i.e. until the actual value no

longer changes.

What will happen?
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After the settling phase, the actual value (controlled variable) does not reach the set point (reference

variable). We get a steady-state control error.

The control error e is defined as e = w - x, with

w = reference variable (set point) and x = controlled variable (actual value).

The P controller works like an amplifier. The input signal to the controller w - x (set point - actual

value) is amplified with the gain K (in our case 4).
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In our case, the desired set point w was 22°C. An actual value x of 19.1 ° C was achieved. The control
error is therefore 2.9°C (w-x). Since the gain K of the P controller was set to 4, the control difference
is multiplied by 4. This results in the value of the control signal (22-19.1) * 4 = 11.6. This value can

also be read in the program.

Info:

In order for the P-controller to output a control signal (heating power) that is not equal to zero,
the set point and actual value must be different, i.e. steady state control fault.

Task 8.

Adjust the gain of the P controller from 4 to 20 and wait until the control loop has settled again.
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The control difference between set point and actual value becomes significantly smaller as the gain K
is increased from 4 to 20. However, the P controller does not manage to adjust the actual value to
the set point here either. For the reason described above, we also get a permanent, albeit
significantly smaller, control error (e = w - x). As stated above, you can also calculate the control
signal value.

The P-controller also reacts to a disturbance (e.g. change in outside temperature). Also a permanent
control difference is obtained for this.

Conclusion

As can be seen from the settling time, the P controller reacts immediately and quickly to changes in
the set point and disturbance variable. However, we get a steady-state control error for this system
with the P controller.
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3.2.3 Closed-Loop Control with | Controller
Go to "Overview" and select item 2.5 "Closed-loop with | controller".

Click “Start”.

Task 9.

Since the actual value (controlled variable) and the set point (reference variable) have a value of
15°C, there is no need for heating. The controller therefore outputs 0% heating power as control
signal.

Maintain the set reset time Ti of 5s.

Change the set point to 22°C and wait until the control loop has settled, i.e. until the actual value no
longer changes.

Describe the behavior.
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After a significantly longer settling phase than with the P controller, the actual value reaches the set
point with a small overshoot. There is no steady-state control error.

However, it takes a long time for the control loop to settle.
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Task 10.
Apply a disturbance, change the outside temperature to 10°C.

How does the control loop behave?

.
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After a longer settling phase, the actual value approaches the set point.
There is also no permanent steady-state control error for the disturbance behavior.

However, settling takes a long time.
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Task 11.
Click “Reset” or restart the temperature control with the I-controller.

The actual value (controlled variable) and the set point (reference variable) again have the same
value of 15°C. Therefore there is no need for heating. The controller outputs 0% as heating power
(control signal).

Change the set reset time Ti to 0.5.

Set the set point to 22°C and observe the control loop.
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The control loop is unstable. The actual value oscillates continuously around the set point.

Info:

If there is an | component (integrator) in the controller, the controller either manages to adjust
the actual value to the set point after a settling phase or the control loop becomes unstable.

This is explained by the behavior of the integrator:

If the value of the input signal to an integrator is positive, the value of the output signal (control
signal) increases. If the input signal is equal to zero, the integrator retains its output value (the value
remains constant). If the input value is negative, the output value of the integrator decreases
continuously.

In order for a control loop to settle to a value, the control signal (output of the controller) must be
constant. The output value of an integrator is only constant when the input value of the integrator is
equal to zero, i.e. when the set point and actual value are the same.
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3.2.4 Closed-Loop Control with Pl Controller:
Go to "Overview" and select item 2.6 "Closed-loop control with Pl controller".

Click “Start”.

Task 12.

Since the actual value (controlled variable) and the set point (reference variable) have the same
value of 15°C, there is no need for heating. The controller output (control signal, heating power) is
0%.

Keep the default parameters: K=4, Ti=5.
Change the set point from 15°C to 22°C.

Observe the settling behavior.

.
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The control loop with the Pl controller and the set parameters oscillates to the set point with a small
overshoot. The actual value (controlled variable) reaches the set point (reference variable).

Info:

If the set point is adjusted and an attempt is made to adjust the actual value (controlled variable)
to the new set point (reference variable), we speak of the command response.
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Task 13.
Examine the disturbance response.
Let the control loop settle to the set point 22°C with the parameters K=4 and Ti = 5.

When the control loop has settled, change the outside temperature to 10°C and observe the

behavior.
~
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The lower outside temperature causes the room temperature to decrease. The controller tries to
counteract this and increases the heating power. After a settling phase, the actual value reaches the
set point again.

Info:

When responding to a disturbance in the system, one speaks of the disturbance response of the
control loop.
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The number in the box labeled "Control quality" indicates the quality of the steady state control loop.
The smaller the number, the faster the control loop has settled and the actual value has reached the
set point.

Task 14.

Try to reduce the value of control quality by adjusting the controller parameters.
With the controller parameters K =4 and Ti = 5, a control quality of 22.12 was achieved.

So that the control quality is comparable in the tests, all tests must be started with the same initial
states. The best way to do this is to click "Reset". This means that the set point, outside temperature
and inside temperature are again default values and the window is closed.

Now change the controller parameters and then adjust the set point to 22°C. Wait until the control
loop has settled.
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With the parameters K =12 and Ti = 20, a control quality of 11.8 is obtained, for example.
Carry out the experiments with further controller parameters:

e (Click reset,

e Set controller parameters,

e Change the set pointto 22 ° C,

o Wait until the control loop has settled.

32



Ingenieurbiiro

Dr.-Ing. Schoop

Task 15.
Restart the temperature control with Pl controller or click "Reset".

Try to adjust the controller parameters to ensure that the actual value reaches the set point without
overshooting. In this case one speaks of an aperiodic case (without overshoot).

Go back to the initial state (reset), adjust the parameters and then change the set point to 22°C.
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With the parameters K =5 and Ti = 12, for example, an aperiodic behavior is obtained.

For certain controls it can be important that the actual value reaches the set point without
overshooting.

For example, it may be necessary for a bioreactor that a certain temperature is not exceeded,
because otherwise it can lead to cell death.
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Task 16.

Restart the temperature control with the Pl controller or click "Reset".

Set the parameters: K = 25, Ti = 0.5, change the set point to 22°C.

Watch the control loop.
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The system becomes unstable. The actual value oscillates around the set point.
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Messung Nr. 1 (Standardmessung, 1*0.050 s) Speicherzeit: 1*0.050 s Gain: 2300
Messungsbeginn: Do 28.10.2021 15:38:26 Ende: Do 28.10.2021 15:42:23 fesstame:0502

35.00
30.00
25.00
20.00 {3 Fee D f S S T T T T 1
15.00 ’ I l l
10.00
5.00
0.00
-5.00 ,
L AERNID
-15.00
Do 28.10.2021 15:39:14.200 Do 28.10. 15:40:34.700 Do 28.10.2021 15:41:55.250
. ‘ ‘ :
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By clicking "Evaluation" you have the option of evaluating the stored signal curves and examining the

settling behavior.

Task 17.

In the above task, the control behavior was examined with the parameters gain Kp = 25 and the reset

time Ti = 0.5s.

Now examine the disturbance behavior with these parameters.

To do this, you have to click "Reset" again, set the controller parameters and then, for example, set
the outside temperature from 15°C to 10°C.

([l Temperature with PI_controller

28.10.2021

15:55:11

Inside
temperature
15.6 °C

‘Window opening

Temperature control with Pl controller

35
25
15

-15

Set point °C

35

Actual value °C
— 35

Heating power %

Control deviation °C

F 35

]
b

0.0 00

Outside
0.00 % e -5
Mom m”“““"”““m o2 .
%
0.00 15
150 156
‘t ot T [] rend stop
(%) Auto. control 353 !
(") Manual control 2
B
Control quality :
ontral quali
» 1
243
»
K 250 -
Ti (Tn): 05 -1
15
Set point temperature °C Outside temperature *C
150 156 [100 Inside temperature *C Window opening %
‘ Start | ‘ Stop ‘ ‘ Reset ‘ Block structure Evaluation | | Print | @ | << Back ‘ | Continue >»

The control loop with these parameters also becomes unstable for the disturbance behavior.

Conclusion

e With the Pl controller and appropriately well set controller parameters, the control loop can
be controlled quickly and easily, the actual value reaches the set point and remains at the set

point.

e This applies to the command response behavior as well as to the disturbance response.

o If the parameters are poorly set, the control loop can become unstable.
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3.2.5 Closed-Loop Control with PID Controller

Go to "Overview" and select item 2.7 "Closed-loop control with PID controller".

Click “Start”.

Task 18.
Examine the command response with the preset parameters.
Gain K = 4, Reset time Ti = 5, Derivative time Td = 2

Click “Reset” and change the set point to 22°C.

(il Temperature with PID_contraller l = é]

Temperature control with PID controller

Set point*C Actual value°C  Control deviation °C

35 4 - 35 35
30 E 30 ED
- E E 25
35 35 25 E 25 20
25 25 204 E 20 15
. 15 15 10
Inside 5 15 4 E 15
temperature = E E 5
217 °C = 5 10 E 10 [
15 5 E E .
15 s E s 5
-10
‘Window opening 07_ E o 15
Outside E| E o0
000 % e = F 5
5 . E E -25
e ““ﬂm]“ﬂnﬂm] S o F e
% E E
19.45 -15 3 E .15 -35
220 217 03
't 't [] trend stop % %
(#) Auto. control 353 ' '
") Manual control 30 ' '
5 i i ; ; : ‘ ‘ ‘
> | 3 . p S 3 ¥ + [
20 ! T
Control quality ‘ !
» ‘
2433 :
103}
.
o
e 40 sS4 T
Ti {Tn): 5.0 10
Td (T): 20 5 : : o a
Set point temperature °C Outside temperature °C Heating power %
220 217 (150 Inside temperature °C Window opening % 13.4| 00
‘ Start ‘ | Stop ‘ | Reset | Block structure Evaluation ‘ ‘ Print ‘ @ | << Back | Continue >» ‘ Overview ‘

The control loop goes into a stable state with a small overshoot. The actual value reaches the set
point.

As can be seen in the trend diagram, the sudden change in the set point causes a peak in the control
signal (heating power). This peak is triggered by the D component of the controller. The derivation of
a sudden change causes an (infinitely) large value.

The control quality goes to 24.3 and is therefore worse than with the Pl controller with the
parameters K=4 and Ti=5.

Note on the trend display with the PID controller:

In the trend display it can happen that the peak is not shown. You can, however, see that the peak is
present via "Evaluation" (display of the stored signal values) and selection of a corresponding time
range.
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Task 19.
Examine the disturbance behavior with the preset parameters:
Gain K = 4, Reset time Ti = 5, Derivative time Td = 2

Click "Reset" and change the outside temperature to 10°C.

r M
@ Temperature with PID_controller B
Temperature control with PID controller
Setpoint*C  Actual value*C  Control deviation *C
35 — 35 E 35
30 E 30 E 30
— E E E 25
35 35 25 E 25 E 20
= 25 203 E 20 E 15
. 15 15 E 10
Inside . . 15 3 E 15 .
temperature E| E E
220 %c ]: s 10 E 10 E oo
- -15 E E -
54 = 5 s
E E = -10
Window opening : 0 FE o = -15
ool Outside 3 E = 0
g=ne E E E 25
Heating power mu”“““"mnﬂ 10,00 *C ELE E 10 E o
33.65 % E| E E
-15 -4 L -15 & -35
220 220 0.0
't C C [] Trend stop % %
(8) Auto. control 353 ' ' 100
(_) Manual control 0
25
> » 20
Control quality
15
233
B 0
5
Parameters.
0
K: 40 5
Ti (Tn): 50 04 :
Td (Tu): 20 L H ! E o, -
Set point temperature °C Outside temperature *C Heating power %
220 220 100 Inside temperature °C Window opening % 336 00
‘ Start ‘ | Stop ‘ | Reset | Block structure Evaluation ‘ ‘ Print ‘ @) | << Back | Tz ‘ Tz

Also in the event of a disturbance, the control problem is solved with the specified controller
parameters. The actual value (controlled variable) reaches the set point (reference variable) again
after a period of time.
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Task 20.
Try to improve the control quality by adjusting the controller parameters.

To be able to compare the experiments, you always have to start from the same initial states.
Therefore click “Reset”, change the controller parameters and then adjust the set point to 22°C.

r Al
[{@) Temperature with PID_contraller (=] ]

Temperature control with PID controller

Setpoint®*C  Actual value*C  Control deviation °C

35 — 35 e 35
30 E 30 E 30
— E = 25
35 35 25 ;— 25 . 20
= 25 20 E 20 E 15
. 15 15 E E 10
Inside p : e E 15 E
temperature E E
220 °C = -5 10 E 10 E o
15 15 g E .
5 E s E S
E E -10
Window opening - o E 0 E -15
0.00 % Jutside -5 E s E 20
R E 25
Conw m”“““"”““m crE . F =
% E E
1983 -15 £ -15 E- -35
220 220 0.0
*tC €t °C [] Trend Stop % %
(#) Auto. control 353 |
(") Manual control 3
2
>
Control quality
' i
12.25
1
S 200 S o el Al S
Ti (Tn): 5.0 A
Td (Tv): 10 15 3L H : ;_ a ‘
Set point temperature °C Outside temperature °C Heating power %
220 220 [150 Inside temperature °C Window opening % 198 | 0.0
‘ Start H Stop H Reset ‘ Block structure Evaluation | | Print | @/) | << Back ‘ Continue >> ‘ Overview ‘

With the controller parameters K =20, Ti=5 and Td = 1, you get a control quality of 12.25, for
example.

The experiments that were carried out with the Pl controller can also be carried out with the PID
controller (unstable behavior, aperiodic behavior, etc.).
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Info:

In practice, the Pl controller is most common. If a PID controller is used, the D component is often
turned off so that the controller only works as a Pl controller.

One of the reasons for this is that the D behavior in a control loop is difficult to assess. In
principle, the D component gives you the option of making the control faster (which is often very
difficult, however).

The D component considers the change between the set point and the actual value. If the change
increases, i.e. the difference between the set point and actual value increases, the D component
adds a calculated value to the control signal. If the difference between the set point and the
actual value decreases, the D component subtracts a calculated value from the control signal. In
principle, the D component takes into account the trend, whether the difference between the set
point and actual value is increasing or decreasing. If the difference increases, the D component
amplifies the control signal; if the difference between the set point and actual value decreases,
the control signal is reduced.
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3.3 Examine the Controlled System

Go to "Overview" and select item 2.3 "Examine controlled system".

Click “Start”.

Task 21.

Increase the heating power in steps of 10% wait each time until the internal temperature is constant.

Observe the temperature behavior.

[ il Temperature measurement = ]|
] el e by || @90 S
iT_Soll """ Set point room temperature -15.00 3500 °C
T_Innen Room temperature -15.00 3500 °C
T_Aussen Outside temperature -15.00 3500 °C
T_Pel Heating power 000 100.00 %
T_Fenster Amount of window opening 0.00 100.00 % Strecke untersuchen
Messung Nr. 1 (Standardmessung, 1*0.050 s) Speicherzeit: 1*0.050 s

Messungsbegini

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.00

-5.00

-10.00 1

i i ‘ i
dt: 00:05:24 Fr29.10.2021 12:05:13.000

b

-15.00 ;
Fr29.10.2021 11:59:49.000

< [

As can be seen from the recorded data ( “evaluation”), the system behavior is similar for all steps.
The actual temperature rises by approx. 3.5°C when the heating power increases by 10%. This does
not always have to be the case with a controlled system.

With many controlled systems, the behavior depends on the operating point. This means that the
controls will behave differently in different operating points, although the same controller and the
same controller parameters.
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3.4 Controller Tuning Rules

The room temperature system is a controlled system with self-regulation.

In the event of a sudden change in the control signal, a controlled system with self-regulation
oscillates to a constant value after a finite time, while with a controlled system without self-
regulation, the controlled variable (actual value) continues to rise.

The behavior of the temperature in a room is a controlled system with self-regulation, since when
the heating power is suddenly adjusted, the temperature approaches to a fixed value after a certain
time (outside temperature and window opening remain constant), as was shown under point 3.3.

The method according to Chien / Hrones / Reswick is used as a controller tuning procedure for a
controlled system with self-regulation.

A controlled system with self-regulation has roughly the following behavior in response to a step in
the control signal (sudden change in the control signal by 1):

LAY A

F 3
v
F 3

Tu

In the new standard, the delay time is designated with Te, the compensation time with Tb and the
turning point with P.

Since the terms Tu and Tg are still used in most of the literature, we keep the old terms here, or use
both.

The parameters Ks, Tg and Tu can be determined from this step response, as shown in the figure
above. The controlled system’s gain Ks (final value of the actual variable) results from the abrupt
change in the control signal by 1. If the amount of change is greater, you have to divide the resulting
system’s gain value by the amount the control step value in order to obtain Ks.

It means:
Te = Tu = Delay time
Tb = Tg = Compensation time

Ks = Gain
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With the help of these three parameters, the controller parameters can then be determined from
the setting table according to Chien / Hrones / Reswick:

Table 1: Equations to calculate controller parameters according to Chien/Hrones/Reswick

Quality criteria
Controller With 20 % Overshoot Aperiodic case
Disturbance Command Disturbance Command
07 T 07 T 03 T 03 T
P sz_._g sz_._g sz_._g sz_._g
Ks Ty Ks Ty Ks Ty Ks Ty
0.7 Ty 06 T, 06 T, 035 T,
Kp~— — Kp = — — Kp~ — — Kp  — - —
PI Ks Ty Ks Ty Ks Ty Ks Ty
T,=23-Ty T,~T, T,~=4-Ty T,=12-T,
12 T, 095 T, 095 T, _ E T_g
sz—.— sz—.— sz_._ KP~
Ks Ty Ks Ty Ks Ty s Ty
PID
T,~2-Ty T,~135-Ty T, ~24-Ty T, =T,
TV =~ 0.4‘2 * TU TV =~ 0.47 . TU T_V =~ 0-42 * TU TV =~ 0_5 . TU
For systems without self-regulation use g instead of .
(KsTy ) (Kis'Ty )

The table was taken from: E. Samal, Grundriss der praktischen Regelungstechnik, Oldenbourg
Task 22.

Go to "Overview" and select item 2.3 "Examine controlled system".

Click “Start”. Enter a step in the heating power from 0% to 10%.

All signal curves are saved and can be evaluated and analyzed using "Evaluation".

Determine the parameters Ks, Te (Tu) and Tb (Tg) from the stored signal curves.

By clicking on the "Evaluation" button, you will get the measurement curves. With the help of the
button bar, time and value segments can be selected.

Ul b be| by @ ||| 20| D

For the analysis try to choose an area of interest for the evaluation including the step in heating
power and the settling of the internal temperature.

For example, you can then print out the diagram and measure the curves using a ruler to determine
Te and Th.
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i Temperatur Messung = % |
B e e b e | | 02|
T_Soll Sollwert Zimmertemperatur 15.00 19.00 °C
] “i Zimmertemperatur 15.00 19.00 °C
T_Aussen AuBentemperatur 15.00 19.00 °C
T _Pel Heizleistung 0.00 15.00 %
T_Fenster Grad der Fensteraffnung 0.00 10.00 % Strecke untersuchen
Messung Nr. 1 (Standardmessung, 1*0.100 s) Speicherzeit: 1*0.100 s
Messungsbeginn: Do 18.02.2021 14:40:03 Ende: Do 18.02 2021 15:01:13

19.00 q-omemmomgemeeee o T TR TS F - [ f

18.60

18.20

17.80

17.40

17.00

16.60

16.20

15.80

15.40

15.00 1 i ‘ | ’ | ’ | | |
Do 18.02.2021 14:40:03.000 dt: 00:02:19.800 Do 18.02.2021 14:42:22 800

Schlieken
< | n 3

Figure: 3-1: Measurement view for the analysis of controlled system

@) Temperatur Messung = = ]

A e b | | | 00 |

T_Soll Sollwert Zimmertemperatur 15.00 1860 °C
_ " Zimmertemperatur 15.00 18.60 °C
T_Aussen h Aullentemperatur 15.00 1860 °C
T _Pel Heizleistung 0.00 1351 %
T Fenster Grad der Fensteroffnung 0.00 9.00 % Strecke untersuchen
Messung Nr. 1 (Standardmessung, 1*0.100 s) Speicherzeit: 1°0.100 s
Messungsbeginn: Do 18.02.2021 14:40:03 Ende: Do 18.02 2021 15:05:43
18.60 )

18.24

e T

17.88

17.52

1716

16.80

T T i
Do 18.02.2021 14:40:12.000 dt: 00:01:24.800 Do 18.02.2021 14:41:36.800

Schlieken
<« [ r

Figure 3-2: Evaluation of the controlled system by "drag and drop" in the measurement view

It is also possible to measure the values in the diagram. Click on the blue signal "T_innen" in the
header. Then click on the line in the diagram, by drag and drop, the time difference and value
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difference as well as the slope are indicated. With this you can try to determine the slope of the blue

curve at the turning point.

From the two curves shown above, the value dx/dt = 0.2°C/s for the slope of the tangent at the point

of turning can be read.

After the sudden change in the heating power from 0% to 10%, the internal temperature goes from
15°C to 18.5°C after the settling phase.

This enables the compensation time Tg to be calculated (T = actual temperature):
dx/dt = (End value (T) - Start value (T)) / Tg, i.e.

Tg=(18,5°C-15°C) /0,207°C/s = 16,91s

Ks results from:
Ks = (End value(T) — Start value(T)) / Step height(Heating power)
=(18,5°C—15°C) / 10% = 0,35°C/%

The delay time Tu can be measured and is approximately 1.3s.
So: Te=Tu=1,3s Tb=Tg=17,5s Ks =0,35

This results in the following controller parameters from the table for the PI controller:

Pl controller

Command response 20% overshoot
K=0,6*Tbh / (Ks*Te) 22,30
Tn=Tb 16,91

Command response aperiodic
K =0,35*Tb / (Ks*Te) 13,01
Tn=12*Tb 20,29

Disturbance response 20% overshoot
K=0,7*Tb / (Ks*Te) 26,02
Th=2,3*Te 2,99

Disturbance response aperiodic

K=0,6*Tb / (Ks*Te) 22,30

Tn=4*Te 5,20

Since the parameters differ significantly depending on the application, the user must decide which
type of control is important for his control loop (disturbance or control behavior, with or without
overshoot).

The user may have to make a compromise between the controller parameters.

The selected parameters result in the following settling response for the Pl controller with a set point
step from 15°C to 20°C:
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N

Figure 3-3: Command response with 20% overshoot

] Temperature with FLcontroller =
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Figure 3-4: Command response aperiodic

A steady control loop with set point and actual value = 20°C was assumed for the disturbance
behavior. For the disturbance, the outside temperature was set from 15°C to 10°C:
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i} Temperature with PLcontroller [E=REE
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Figure 3-5: Disturbance response 20% overshoot
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Figure 3-6: Disturbance response aperiodic

The following parameters result for the PID controller:
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PID controller

Command response 20% overshoot
K =0,95*Tb / (Ks*Te)

Tn=1,35*Tb

Td=0,47 * Te

Command response aperiodic
K=0,6%Tb/ (Ks*Te)

Tn=Tb

Td=0,5*Te

Disturbance response 20% overshoot
K=1,2*Tb / (Ks*Te)

Tn=2*Te

Td=0,42 *Te

Disturbance response aperiodic
K=0,95*Tb / (Ks*Te)
Tn=2,4%*Te

Td=0,42 * Te

35,31
22,83
0,61

22,30
16,91
0,65

44,60
2,60
0,55

35,31
3,12
0,55
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Here, too, the parameters differ significantly depending on the application (disturbance or control

behavior).

The user must therefore decide which type of control is important for his control loop (disturbance
or control behavior, with or without overshoot).

The user may have to make a compromise and determine the controller parameters that are suitable

for the necessary control applications.
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i} Temperature with PID_controller
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Figure 3-7: Command response 20% overshoot
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Figure 3-8: Command response aperiodic
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With these settings, the control signal (red signal) exceeds the range limits of 0% and 100%. The
control signal is limited to 0% or 100%. Of course, this causes a change in the originally expected
settling response.

@ Temperature with PID_contraler (SRR

Temperature control with PID controller
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Figure 3-9: Disturbance response 20% overshoot
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Figure 3-10: Disturbance response aperiodic
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Controller tuning rules are empirically determined methods that are often suitable for calculating

3.5 Assessment of the Controller Tuning Rules

good controller parameters by rule of thumb.

The settings for calculating controller parameters distinguish between disturbance and command
response. Different controller parameters are calculated.

If you need controller parameters for both cases (disturbance and control behavior), you have to
make a compromise between the calculated parameters of the disturbance behavior and the control
behavior.

The above examples show that a reasonable control loop behavior can be obtained with the
calculated controller parameters. However, the behavior does not exactly correspond to the
behavior as selected in the table.

The fact that the system has not settled exactly aperiodic or with 20% overshoot is also due to the
fact that the control signal has partially reached it’s limit and the time constants could not be
determined exactly.

But in the examples and tasks shown, the controller parameters proposed by Chien/Hrones/Reswick
were well suited for sensible control.
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4 Liquid Level Control (Control Training I)

In this controlled system you can fill water into a container via inflow valve. The system is designed in
such a way that the outflow is exactly 30 I/s. The system thus corresponds to the behavior of an
integrator.

With real level control systems, the outflow with a fixed valve position is still dependent on the
pressure of the water column in the container, i.e. on the level. Here, a constant outflow is assumed
by a flow control.

The level control system of the Control Training | is a system without self-regulation.

4.1 Uncontrolled System (Manual Control)
Go to overview and select item 1.1 "Uncontrolled system".

Click “Start”. You can now change the values for the set point value (Set point liquid level %), the
control signal (inflow %) and the disturbance signal (outflow %) using the slider or by entering values
below the slider.

Task 1.

Set the set point (reference variable) to 40% and try to adjust the actual value (controlled variable,
actual liquid level) to the set point (Set point liquid level) by adjusting the control signal (inflow).

il Liquid level uncontrolled [E=R R
17.11.2021 S
o Uncontrolled liquid level system 11
304 I/s . Set point Actual value . Control devlaseon
cm
[>] 100 200 100 100
80
20 160 80 50
© w0
Admission pressure 50 120 50 20
variation
L o
40 80 40 20
-40
20 40 20 50
300 /s 2
] 0 0 0 -100
400 299

% % |:| Trend stop % %

Admission pressure Outflow

¢11 ¢PI
inflow Uauid Level T e
—®  Ssystem —————p o | L L : : : : : T S SO
v N »
» 1 L -
0 : H H L o
Set point liquid level % Inflow 3%
400 Actual liquid level % Outflow % 304 | 300
o ([ 5 | e e
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Only when the inflow has the same value as the outflow (30I/s) the level remains constant. You must

therefore try to set the inflow to 30l/s (30%) when the actual value has reached the set point.

We speak of the command response, if the set point is adjusted and an attempt is made to adjust the
actual value (controlled variable) to the new set point (reference variable),.

Task 2.

Change outflo

w to 20%.

What will happen?

[l Liquid level uncontrolled = |
17.112021 ffl
151255 Uncontrolled liquid level system 11
300 I/s . Set point Actual value . Control devlat;:n
cm
=] 100 200 100 100
80
80 160 80 )
® o
Admission pressure 50 120 & -
variation
0
40 80 40 I 20
-a0
1F0C1 ) 20 40 20 -60
200 |,
\[r/ & -80
L } o 0 o -100
400
% %

Admission pressure Outflow

in $PI

% % |:| Trend stop

Inflow Liquid Level
e o System
¥ x
i : : : : i
Set point liquid level % Inflow %
400 Actual liquid level % Qutflow % 300 | 200
T | [ e | o | [ o]

The level increases continuously, as 10l/s (10%). Inflow is greater than outflow.

(Inflow = 30l/s, outflow = 20l/s)
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Task 3.

Try to adjust the level to the set point of 40% by shifting the inflow.

[l Liquid level uncontrolled = 23|
17.112021 A
T6aB5a Uncontrolled liquid level system 11
200 Ifs . Set point Actual value . Control devlat;on
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=] 100 200 100 100
80
80 160 30 60
© o
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variation
— 0
a0 80 a0 -20
-40
1F0C1 ) 20 40 20 -50
200 |
fs 20
L) o 0 o -100
200 203
% % |:| Trend stop % %
100 . . - 100
L - 75
Admission pressure Outflow
izl ¢PI
Inflow Liquid Level - 50
—_— System
¥ x
L 25
B : : : : L o
Set point liquid level % Inflow %
400 Actual liquid level % Outflow % 200|200
‘ Print | | @' | ‘ << Back Continue >> ‘ | Overview |

In this case, an attempt is made to react to a disturbance (change of outflow). Here, too, the inflow
must have the exact same value as the outflow so that the level remains constant.

Since the control loop reacts to a change in the disturbance value, we speak of disturbance response
in this case.
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4.2 Closed-loop Controlled System

4.2.1 Closed-loop Controlled System
Return to ,,Overview” and select item 2.2 ,Control System*.

Here you can see how the system behaves in principle if, instead of manual control by the user, a
controller takes over the task of adjusting the actual value to the set point.

Task 4.

Click ,Start” and set the set point to 40%.

[l Liquid-level control l = &11
17.11.2021 . -
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o s e 7 = » D>
- 25
o . : : : : : : : : I
Set point liquid level % Inflow %
300 Actual liquid level % Qutflow % 298 | 300
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With overshoot, the actual value approaches the set point after a certain time.

Even if you specify a disturbance by changing the outflow, the controller tries to adjust the actual
value to the set point.
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Task 5.
Change outflow to 20%.

What will happen?

@ Liguid-level control = )
17.11.2021 - -
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The level increases.

The controller tries to adjust the actual value to the set point by reducing the inflow. When the
system has settled (the level no longer changes and the actual value has reached the set point), the
inflow must be exactly the same as the outflow (20l/s).
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4.2.2 Closed-loop Control with P Controller
Go to,,Overview” and select item 1.4 ,Closed-loop control with P controller”.

Click , Start”.

Task 6.

Change the set point to 40% and wait until the control loop system has settled, i. e. the actual value
no longer changes.

5
& Liquid level with P contraller [E=REE
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After the settling phase, the actual value (controlled variable) does not reach the set point (reference
variable). We get a steady-state control error.

The control error e is defined as e = w - x, with

w = reference variable (set point) and x = controlled variable (actual value).

Reason:

The P controller works like an amplifier. The input signal to the controller w - x (set point - actual
value) is amplified with the gain K (in our case 2).

In order for the P-controller to output a control signal (an inflow) that is not equal to zero, the set
point and actual value must be different, i.e. steady-state control error.

If the controller outputs 0, the input is 0 and the level drops because the outflow is 30I/s.
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Change the gain of the P controller from 2 to 10 and then wait until the control loop system has
settled.

Task 7.

.
@ Liquid level with P contraller =)
17.11.2021 - - -
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The control difference between the set point w and the actual value x becomes significantly smaller
as the gain K is increased from 2 to 10. However, the P controller does not manage to adjust the
actual value to the set point here either. For the reason described above, we also get an albeit
significantly smaller, steady state control error (e = w — x).

In our case the set point w was 40% and an actual value x of 37% was achieved. Therefore the control
difference is 3% (w-x).

The actual value of 37 or the control difference of 3 can also be calculated. For the system to be
settled (level remains constant), the inflow must be same as outflow, i.e. inflow = outflow = 30%. This
results in:

Actuating variable y =30 =K * (w - x) = 10 * (40 - x), controlled variable x =40 —y/10 =40 -3 = 37.

With the gain 2 (Task 6) the controlled variable will be calculated to:
Controlled variable x =40 —y/2 =40 — 15 = 25.

The P-controller also reacts to a disturbance (change in the outflow). A permanent control error is
also obtained for this.
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Task 8.
Change outflow to 20I/s.

What will happen?

@ Liquid level with P controller (eIl
18112021 P .
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The P-controller also reacts to a disturbance (e.g. change of outflow). A steady-state control error is
also obtained for this.

The actual value can also be calculated here as stated above:

Controlled variable x =w —y/K=40-20/10 = 38

As can be seen from the settling time, the P controller reacts immediately and quickly to changes in

the set point and disturbance input. However, we get a steady-state control error for this system
with the P controller.
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4.2.3 Closed-loop Control with | Controller
Go to,,Overview” and select item 1.5 ,,Closed-loop control with | controller”.

Click , Start”.

Task 9.
Change set point to 40%.

What will happen?

[l Liguid level with I controller = — &3 |
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The control loop carries out a continuous oscillation. The actual value oscillates around the set point.

Even if the integration time changes, the control loop remains unstable, as does a change in the
disturbance signal (outflow).
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@ Liquid level with T contraller |= bl
1} Measurement liquid level e e ] |5
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The | controller is not able to control this controlled system.
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4.2.4 Closed-loop Control with Pl Controller
Go to,,Overview” and select item 1.6 ,,Closed-loop control with Pl controller”.

Click , Start”.

Task 10.

Keep all parameters:

Gain K =2, Reset time Ti = 10.
Change the set point to 40%.

Observe the settling behavior.

i Liquid level with PI controller = i
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The control loop with the Pl controller and the set parameters oscillates to the set point with a small
overshoot. The actual value (controlled variable) reaches the set point (reference variable).

The settling of the control loop by changing the set point is referred to as the command response.
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Task 11.

Investigate the disturbance response.

When the control loop has settled, change the outflow to 20% and observe the behavior.

i Liquid level with PI controller =] 3|
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The smaller outflow causes the level to rise. The controller tries to counteract this and reduces the
inflow. After a settling phase, the actual value reaches the set point again.

Since the control loop reacts to a change in the disturbance value, we speak of disturbance response
in this case.

Task 12.

The number in the box labeled "Control quality" indicates a value about the quality of the steady

control loop. The smaller the number, the faster the control loop has settled and the actual value has
reached the set point.

Try to reduce the value for the control quality by adjusting the controller parameters.
With the controller parameters K = 2 und Ti = 10 a control quality of 56,9 was achieved.

For the control quality to be comparable in the tests, all tests must be started with the same initial
states. The best way to do this is to click "Stop" and then “Start”. This means that the set point, the
level and the outflow are again given the initial values.
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Now change the controller parameters and then adjust the set point to 40%. Wait until the control
loop has settled.

1 Liquid level with PI controller = 25|
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With the parameters K = 40 und Ti = 2 a control quality of 40,4 was obtained.

Carry out the experiments with further controller parameters:

e C(lick ,Stop” and ,Start” again,

e Set controller parameters,

e Set the set point to 40%,

e Wait until the control loop has settled.
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It is not possible to make the control loop oscillate by adjusting the parameters.

However, the control loop becomes very restless with the parameters K=50 and Ti=1.

[} Liguid level with PI controller

= =X

18.11.2021 P .
1s3ast Liquid level control with Pl controller 16
300 Ifs Set point Actual value Control deviation
% cm % %
! ) 100 200 100 — = 100
E a0
= 80 160 80 E 60
O, © e
Admission pressure 50 120 50 E 20
variation E
= 0
40 80 40 E -0
E- a0
1FDCl 20 40 20 E 60
1% 0 0 0 ]
400
%% I:‘ Trend stop D Manual control % %
100 0 a — 100
Control quality i i
404 :
75 - 75
Contr.parameters: | | |  {f-------- T s B e A e
50 - 50
Gain 50.0 . . ________ O o N I s S St S SN
Reset time L0 :
254 f - 25 - .
Block structure B |J
o Lo
[Eo Set point liquid level % Inflow %
S Actual liquid level % Outflow % 500 | 300
‘ Start | Stop | ‘ Analysis | | Parameters ‘ ‘ Print | ‘ | | << Back | Continue > | ‘ Overview |

In order to achieve an aperiodic response (without overshoot), you must select a small gain and a

large reset time.

[l Liguid level with PI controller
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With the parameters K = 2 and Ti = 20 you get an aperiodic response.

64



Ingenieurbiiro
/ Dr.-Ing. Schoop

Go to,,Overview” and select item 1.7 ,,Closed-loop control with PID-controller”.

4.2.5 Closed-loop Control with PID Controller

Click , Start”.

Task 13.

Examine the command response with the preset parameters.
Gain K = 2, Reset time Ti = 10, Derivative time Td = 1

Change set point to 40%.

Observe the behavior.

i Liquid level with PID controller = i
18.11.2021 P a
e Liquid level control with PID controller 17
302 Ifs Set point Actual value Control deviation
% m % %
100 200 100 100
80
30 160 80 60
@® w0
Admission pressure 60 120 50 20
variation
(1}
40 30 40 -20
-40
——— J.FDCJ. 20 40 20 -60
\F/ E/ 300 /s o
L) (] ] (] -100
00
% % [ rend stop [ manual control % %
100 o ; — 100
Control quality '
60.6
- 75
Contr. parameters
- 50
Gain 2.0
Reset time 10.0
Rate time 10 L 25 ‘ ‘
(1] - : - L o
Set point liquid level % Inflow %
S0 Actual liquid level % Outflow % 30.2 | 300
‘ Start | Stop | | Analysis | | Parameters | ‘ Print << Back | Continue »» ‘ ‘ Overview ‘

The control loop goes into a stable state with a small overshoot. The actual value reaches the set

point.

As can be seen in the trend diagram, the sudden change in the set point causes a peak in the control
signal (heating power). This peak is triggered by the D component of the controller. The derivation of
a sudden change causes an (infinitely) large value.

The control quality goes to 60,6 and is therefore worse than with the Pl controller with the

parameters K =2 and Ti = 10.

Note on the trend display with the PID controller:

In the trend display it can happen that the peak is not shown. You can, however, see that the peak is
present via "Analysis" (display of the stored signal values) and selection of a corresponding time

range.
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Try to improve the control quality by adjusting the controller parameters.

So that you can compare the experiments, you always have to start from the same initial states:

Click “Stop” and “Start” again
Change the controller parameters

Adjust the set point to 40%
Wait until the control loop system has settled.

4 Liquid level with PID controller = £ |
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With the controller parameters K =29, Ti =3 and Td = 1 you get a control quality of 40.4 for example.

66



4.2.6 Closed-loop Control with Two-position-Controller

Go to,,Overview” and select item 1.8 ,,Closed-loop control with two-pos. controller”.

Click , Start”.

Task 15.
Investigate the command response with the preset parameter:

Hysteresis =5

Ingenieurbiiro
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The level (actual value) oscillates around the set point. The amplitude of the oscillation depends on

the parameter (hysteresis).

As can be seen, the level rises faster (valve to 100%) than it falls (valve to 0%). This is due to the fact
that with the valve position 100% the inflow rate assumes the value 100l/s - 30l/s = 70l/s, while the

outflow volume (valve at 0%) is only 30l/s.
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Info:

In practice, the Pl controller is most common. If a PID controller is used, the D component is often
turned off so that the controller only works as a Pl controller.

One of the reasons for this is that the D behavior in a control loop is difficult to assess. In
principle, the D component gives you the option of making the control faster (which is often very
difficult, however).

The D component considers the change between the set point and the actual value. If the change
increases, i.e. the difference between the set point and actual value increases, the D component
adds a calculated value to the control signal. If the difference between the set point and the
actual value decreases, the D component subtracts a calculated value from the control signal. In
principle, the D component takes into account the trend, whether the difference between the set
point and actual value is increasing or decreasing. If the difference increases, the D component
amplifies the control signal; if the difference between the set point and actual value decreases,
the control signal is reduced.
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4.3 Examine Controlled System

Select item 1.3 ,,Examine controlled system*.

The level system is a controlled system without self-regulation. In the event of a sudden change in
the control signal (inflow> outflow), the controlled variable (actual level) begins to increase. The
output variable of the system (controlled variable) does not assume a permanent final state.

Task 1:

Click ,,Start” and set inflow to 40%.

The inflow must be set greater than 30% so that the level rises because the outflow is set to 30%.

Observe the level behavior.

Ingenieurbiiro

i} Fiilstand Strecks o
18112021 . - .
lanaas Examine liquid level controlled system 13
400 Ifs
/ﬂ\ Admission pressure Outflow
71 Pl
. @ Inflow Liquid Level
Admission pressure — ) System
wvariation y =
P
\IT/ \_1?;/ 300 Ifs
9% [] Trend stop LYY
100 4 T — 100
75
50
.| "
iquid level fows
Actual liquid level % Inflow %
Outflow % 400 | 300
Print | ‘ << Back Continue >> ‘ ‘ Overview ‘

Because the inflow is greater than the outflow, the level begins to rise until the container overflows.
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4.4 Controller Tuning Rules
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In order to use controller tuning rules, e.g. according to Chien/Hrones/Reswick, the controlled

system must be examined.

A step in the control signal (sudden change in the control signal by 1)is applied to the controlled

system. The behavior of the output signal of the system (controlled variable) can then be measured.

The parameters Tu, Tg and Ks are determined for the controller tuning rules for the controlled

systems with self-regulation, as shown in the figure below.

It means:

Te = Tu = Delay time

Tb = Tg = Compensation time

Ks = Gain

v \
F 3

Tu

Tg

In the new standard, the delay time is designated with Te, the compensation time with Tb and the

turning point with P.

Since the terms Tu and Tg are still used in most of the literature, we keep the old terms here, or use

both.
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For controlled systems without self-regulation, the following behavior will occur in response to a
standard step change in the control signal:

A
x(0

At

Aw

i . . A . .
Here you can define Kis as the gradient of the tangent (A—V:) and Tu as the intersection of the tangent

with the time axis.

Calculate the time constant Ti from Kis using Ti = 1 / Kis.

It means:
Tu
Tg=Ti
Ks

Kis

Delay time
Compensation time

Gain

Gain of controlled system without self-regulation
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You can then calculate the controller parameters from the setting table according to Chien / Hrones /
Reswick:

Table 2: Equations to calculate controller parameters according to Chien/Hrones/Reswick

Quality criteria
Controller With 20 % Overshoot Aperiodic case
Disturbance Command Disturbance Command
07 T 07 T 03 T 03 T
=) Kp~— -2 Kp~—- -2 Kp~— -2 Kp~—- -2
07 T 06 T 06 T 035 T
sz_._g sz_._g sz_,_g sz__g
=] Ks Ty Ks Ty Ks Ty Ks Ty
T,~23-Ty T,~T, T,~4-Ty T,~12-T,
ST | 05T, 095 T, | 06T,
P kg Ty P ke Ty P™ ks Ty Ks Ty
PID
T,~2-Ty, T, ~ 135 T, T, ~24-T, T,~T,
Ty = 042 -Ty T, ~047 -Ty |TV =042-T, T, ~ 05T,
T
For systems without self-regulation use g instead of .
sTy ) K1s'Ty )

The table was taken from: E. Samal, Grundriss der praktischen Regelungstechnik, Oldenbourg

Please note that according to the new standard, the following terms are used: Tu=Te, Tg=Tb

The Liquid level system is a controlled system without self-regulation.

Since the change would be too small to determine the parameters with a unit step of 1%, a step of
10% is used here.

In the case of the liquid level system, the step is set to 40% because the outflow is set to 30%.

When determining Kis, the step height of 10% must be taken into account by dividing the change in
level by 10.
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Select item 1.3 ,,Examine controlled system”.

Task 16.
Click ,,Start” and set inflow to 40%.
The inflow must be selected greater than 30% because the outflow is set to 30%.

Click "Analysis" and try to measure the recorded system behavior.

[l Fallstand Strecke 'J: B |
i} Measurement liquid level (=== |,
F_Hsoll Set point level control 0.000 100.000 % F
'F_H Actual liquid level 0.000 100.000 %
F_Qzu_S Actuating signal level control 0.000 100.000 %
F_Qab Outflow from container 0.000 100.000 s
Measurement Ne. 1 (Standardmessung, 170.050 s) Storage time: 1°0.050 s
Start measurement: Do 18.11.2021 14:46:44 End: Do 18.11.2021 14:49:12
100.000 .

$0.000

80.000

70.000

50.000 -

) I

10.000 +---

Do 18.11.2021 14:46:44.000 dt: 00:01:48 Do 18.11.2021 14:48:32.000

4 m ]
JE IR RN RN e | |
id [ IT ke I'T I I'T —‘

With the help of the button bar in the window, select time and value ranges.

)| et el %12 @

To measure the system behavior, you can click on the blue signal (actual level) in the header and try
to determine the gradient of the level curve by drag and drop.

The gradient of the straight line is approximately 1%/s. Since the step difference was 10% (40% -
30%), Kis as the gradient of the tangent on a unit step must be divided by 10, so:

Kis=1/10=0,1/s

Ti calculates to: Ti = 1/Kis = 10s

The delay time Tu (Te) can be roughly determined from the diagram Tu = 2s.
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Inserting the values in the table results in the following parameters:

Pl controller

Command response with 20% overshoot
K=0,6*1/ (Kis*Te) 3,00
Tn=Tb=Ti 10,00

Command response aperiodic
K=0,35/ (Kis*Te) 1,75
Tn=1,2*Ti 12,00

Disturbance response with 20% overshoot
K=0,7/(Ks*Te) 3,50
Th=2,3*Te 4,60

Disturbance response aperiodic
K=0,6/(Ks*Te) 3,00
Tn=4*Te 8,00

Since with a step in the set point from 0% to 40% the control signal reaches the upper limit and thus
falsifies the transient oscillation, only a step from 0% to 20% is specified.

[l Liquid level with PI controller = S|
19.11.2021 - - .
TR Liquid level control with Pl controller 15
293 Ifs Set point Actual value Control deviation
% cm % %
100 200 100 100
820
80 160 80 60
© w
Admission pressure 50 120 50 20
variation
]
40 80 40 -20
-40
1FE§:1 y 20 40 20 -60
\]T/ \I/ 300 I/s 0
T, 0 0 0 -100
[200°
% % [ trend stop [] manual centrol % %
100 T 0 T 0 T 100
Control quality
129
75 ~ 75
Contr. parameters: ‘ V- A PO A A P A
50— - 50
Gain U e [ | S . L A T S S N S
Reset time 10.0 . ‘
25 o - 25
:
[} : H : : Lo
lEzon] Set point liquid level % Inflow %
0 Actual liquid level % Outflow % 299 | 300
| Start | Stop ‘ | Analysis | | Parameters | | Print | | (23 | | << Back Continue #» | | Overview |

Figure 11: Command response 20% overshoot
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o] e

19.11.2021 o o q
T Liquid level control with Pl controller 16
296 Ifs Set point Actual value Control deviation
% cm % %
100 200 100 - 100
E =0
80 160 80 E &0
@ E a0
Admission pressure 60 120 50 E 20
variation E
E o
40 80 40 E -0
F -0
C_ 20 40 20 E -0
101 300 /s R
L 0 0 0 —E_ 100
[200°
% % [ trend stop [] manual control % %
100 - ; ~ 100
Control quality i
300
- 75
Contr. parameters:
- s0
Gain 18
Reset time 120
. i, e -
T T
0 L o
Inflow %
200 Outflow % 29.6 [ 300
| Start | Stop ‘ | Analysis || Parameters | | Print || (73 | | << Back Continue »> || Overview |
Figure 12: Command response aperiodic
[l Liquid level with PI controller El_‘ﬂ
19.11.2021 O A
104005 Liquid level control with Pl controller 16
Setpoint  Actual value Control deviation
% cm % %
100 200 100 e 100
E =0
80 160 80 E &0
@ E a0
Admission pressure 60 120 60 E 20
variation E
E o
40 80 a0 E 20
40
E 20 20 20
400 I/
L2 0 0 0
200
% % [] Trend stop [ manual control % %
: - 100
Contral quality | : ' ! : ! ; :
02
L 75
Contr. parameters:
- 50
Gain 35 < .
Reset time 46
- 25
T T
o- S
Set point Inflow %
200 [200] 4t fiquid level % Outflows | 400400
| Start | stop ‘ | Analysis || Parameters | | Print || (73 | | <<Back Continue >> || Overview |

Figure 13: Disturbance response with 20% overshoot
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il Liquid level with PI controller o
19.11.2021 S A
104236 Liquid level control with Pl controller 16
0T Setpoint  Actual value Control deviation
% cm % %
= 100 200 100 100
80
80 160 80 60
@ 40
i N - -
variation
0
40 80 a0 -20
-40
1Foc1 y 20 a0 20 &0
\l_r/ \—'x—/ 400 Ifs 20
L] 0 0 0 -100
200 200
% % [] Trend stop [ manual contral % %
100 : ; : ; - 100
Control quality
0.5
- 75
Contr. parameters: ‘
; 50
Gain 30 ; - .
Reset time 8.0 d
25 ; 25
e TR R
o- : : : : Lo
Set point liquid level % Inflow %
200 Actual liquid level % Outflow % 400 | 400
| Start | Stop ‘ | Analysis | | Parameters | | Print | | @' | | << Back Continue >> | | Overview |

Figure 14: Disturbance response aperiodic

According to the table, the following parameters result for the PID controller:

PID controller
Command response with 20% overshoot

K = 0,95 / (Kis*Te) 4,75
Th=1,35*Tb 13,50
Td=0,47 * Te 0,94

Command response aperiodic

K=0,6/(Kis*Te) 3,00
Tn=Tb 10,00
Td=0,5*Te 1,00

Disturbance response with 20% overshoot

K=1,2/ (Kis*Te) 6,00
Tn=2*Te 4,00
Td=0,42 * Te 0,84

Disturbance response aperiodic

K=0,95/ (Ks*Te) 4,75
Th=2,4*Te 4,80
Td=0,42 * Te 0,84
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Command response from 0% to 20%:

(@l Liquid level with PID controller = i

19.11.2021 P A
P Liquid level control with PID controller 17
s Setpoint  Actualvalue Control deviation
% cm %
{ ) 100 200 100
L 80 160 80
©
admission pressure wd E "
variation
40 80 a0
s 20 40 20
101 300 I/s
L o 0 [
200
% % [ Trend stop [] Manual centrol %%
100
Control quality
8.8
75
Contr. parameters
50
Gain 4.3
Reset time 135
Rate time 0.9 25 -
T T
0 : : : : Lo
Set point liquid level % Inflow %
2l Actual liquid level % Qutflow % 300 | 300
| Start | Stop | | Analysis | | Parameters ‘ | Print ‘ | @' | | << Back Continue >> | | Overview |

Figure 15: Command response with 20% overshoot

[ Liquid level with PID cantroller { = é]
19112021 a-n a
e Liquid level control with PID controller 17
300 Ifs Setpoint  Actual value Control deviation
% cm % %
{ ) 100 200 100 - 100
E =0
L 80 160 80 - &0
© Ew
Admission pressure 50 120 50 E 20
variation E
== 0
40 80 a0 E 20
E -a0
1;‘31 20 40 20 E 0
300 I/s E 80
L) 0 o 0 =JE- -100
200
% % [ manual centrol % %
: - 100
Control quality : :
137 :
- 75
Contr. parameters
- so
Gain 3.0
Reset time 100 : :
Rate time 10 25 | : H H : - 25 -a
T T ey
[:} H : : : : Lo
Set point liquid level % Inflow %
2o Actual liquid level % Outflow % 300 | 300
| Start | Stop | | Analysis | | Parameters. ‘ | Print ‘ | @- | | << Back Continue >> | | Overview |

Figure 16: Command response aperiodic
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Disturbance response from 30% to 40%:
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@ Liquid level with PID controller = i
19112021 a1 a
115400 Liquid level control with PID controller 17
) Setpoint  Actual value Control deviation
% cm % %
LS 100 200 100 100
L 80 160 80
®
S . | . w0
variation
40 30 a0
T 20 40 20
101 400 I/s
L 0 0 0
200 [200] o0l
% % [ Trend stop [] Manual centrol %%
100 - ; ; ~ 100
Control quality : :
01 . : :
75 ' L 75
Contr.parameters: | | | {p-------- -
50 : ' : - so
Gain CEUN R D R T R S . | . . ‘
Reset time 40 ; : ; : ;
Rate time 08 25 3 : 3 L 25
TT o AN NS SR S N B
Set point liquid level % Inflow %
2l Actual liquid level % Qutflow % 400 | 400
| Start | Stop | | Analysis | | Parameters ‘ | Print ‘ | @' | | << Back Continue >> | | Overview |
H (]
Figure 17: Disturbance response with 20% response
[ Liquid level with PID cantroller { = é]
19112021 a-n a
T Liquid level control with PID controller 17
400 Ifs Setpoint  Actual value Control deviation
% cm %
L) 100 200 100
L 80 160 80
®
Admission pressure 60 120 60
variation
40 80 a0
= 20 0 20
101 400 I/s
L) 0 o 0
[200°
% % Manual control
O
100 -
Control quality
0.1
75
Contr. parameters:
50
Gain 4.3
Reset time 4.3
Rate time [Tos 25 -
Set point liquid level % Inflow %
2o Actual liquid level % Outflow % 400 | 400
| Start | Stop | | Analysis | | Parameters. ‘ | Print ‘ | @- | | << Back Continue >> | | Overview |

Figure 18: Disturbance response aperiodic
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Controller tuning rules are empirically determined methods that are often suitable for calculating

4.5 Assessment of the Controller Tuning Rules

good controller parameters by rule of thumb.

The settings for calculating controller parameters distinguish between disturbance and command
response. Different controller parameters are calculated.

If you need controller parameters for both cases (disturbance and control behavior), you have to
make a compromise between the calculated parameters of the disturbance behavior and the control
behavior.

The above examples show that a reasonable control loop behavior can be obtained with the
calculated controller parameters. However, the behavior does not exactly correspond to the
behavior as selected in the table.

The fact that the system has not settled exactly aperiodically or with 20% overshoot is also due to the
fact that the control signal has partially reached its limit and the time constants could not be
determined exactly.

But in the examples and tasks shown, the controller parameters proposed by Chien/Hrones/Reswick
were well suited for sensible control.
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5 Flow Rate Control (Control Training 1)

The process involves a water flow in a pipe with a valve. The pressure in the pipe is adjusted and
measured. The technical control task is to control the flow through the pipeline by changing the valve
position so that the actual flow corresponds to the specified set point. The pipe line pressure is the
disturbance variable, the valve position the input variable (control signal) and the flow rate the
output variable (controlled variable) of the system. The flow is determined via a differential pressure
measurement.

The flow control system is a controlled system with self-regulation, since after a sudden change in
the valve position a constant flow is established again after a period of time.

5.1 Uncontrolled System (Manual Control)
Go to ,,Overview” and select item 4.1 ,,Uncontrolled system*.
Click ,Start”.

You can now change the values for the set point (Set point flow rate [l/s]), the control signal
(Actuating signal [%]) and the disturbance signal (Pipe line pressure [bar]) using the slider or by
entering values below the slider

Task 1.

Set the set point (reference variable, Set point flow rate [I/s]) to 4 I/s and try to adjust the control
signal (Actuating signal [%]) to adjust the actual value (controlled variable, Actual flow rate [l/s]) to
the set point (Set point flow rate [I/s]).

@) Uncontralled Flow Rate System = X
19.11.2021 .
ea51s Flow rate system with delayed control valve, uncontrolled
Setpoint I/s  Actualvalue I/s  Control deviation
10 10 —
Initial pipeline pressure E
Valve position 2 2 = 8
&
25  bar 78 % E 8 g8 E
7 7 4
N 6 6 E 2
5 5 E o
4 4 2
Flow rate ALY ' ' : : E
40 s 1500 : 2 2 E 6
Pressure difference a a 5
1000 E
_ _ 0 0 E .10
500 Ap=pl-p2= 235 mbar
@ Pressure fluctuation 0 20 0.0
0
s s bar [] Trend stop % %
; . . 100
90
Pipeline Pressure 80 ‘ ‘
pressure fluctuation
70
z1 2
60
Valve l l Flow
position ate | | sApgp s 8—--"F—-o 50
v—b System “—b 40
30
20
10
0= 103 : : : 0
Setpoint flow rate /s Pipeline pressure ba Actuating signal %
40 40 25 Actual flow rate |/s Valve position % 715 | 775
| Start ‘ ‘ Stop | | Reset ‘ | Print ‘ QJ << Back ‘ ‘ Continue >> ‘ Overview
-
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This type of control is known as command response. The set point (reference variable) is adjusted
and an attempt is made to adjust the actual value (controlled variable) to the new set point
(reference variable).

With this system it can be observed that the actual valve position is delayed after the control signal.
If the control signal is changed (red signal), it takes until the valve position adopts the value specified
by the control signal. The valve needs time to move to the desired valve position.

Task 2.
Change the pipe line pressure to 3 bar and try to correct the disturbance by adjusting the control
signal.
(] Uncontrolled Flow Rate System = i
Setpoint Ifs Actual value Ifs Control deviation
10 10 —
Initial pipeline pressure E
Vslve position 9 9 E e
30  bar 74 % E g g ;7 &
7 7 E a4
\/— 6 6 F 2
5 5 o
4 4 ~ -2
Flow rate 2000 ' ' : : E
2 2 E 5
1500 E
30 s Pressure difference . , E
1000 E -
—pl-p?= 0 0 £ -0
@ Pressure fluctuation = EPSEeEHs 22 G 40 39 0.1
0
Ifs /s bar [] Trend stop % %
10 ; : 100
20
Pipeline Pressure 50
pressure fluctuation 0 4 4
21 12
Valve Flow £
positian 50
40
30
20
Ed 10
e 103 : : . . . 0
Setpoint flow rate Ifs Pipel Actuating signal %
40 38 30 Actual fiow rate |/s Valve position % 738 | 138
| Start ‘ ‘ Stop | | Reset ‘ | Print ‘ @ <« Back ‘ ‘ Continue »» ‘ Qverview

As the pipe line pressure increases, the flow rate increases.

To compensate for this, the control signal and thus the valve opening must be reduced. Here, too, it
can be seen that the actual valve position is delayed after the control signal.

The change in the pipeline inlet pressure is a disturbance for the system. That is why one speaks here
of the investigation of the disturbance response.
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5.2 Controlled System

5.2.1

Closed-loop Controlled System

Go to ,,Overview” and select item 4.2 ,Closed-loop controlled system®”.

Here you can see how the system behaves in principle if, instead of manual control by the user, a
controller takes over the task of adjusting the actual value to the set point.

Task 3.

Click ,Start” and set the set point to 4l/s.

What will happen?

(i Controlled Flow Rate System

Initial pipeline pressure

Flow rate system with delayed control valve, controlled

Valve position

i

[] Trend stop

Setpoint Ifs

10
k]

8
7
6
5
4
3
2
1
L]

Actual value Ifs

10
k]

[ R R R ST R

Control deviation

Setpoint flow rate I/
Actual flow rate Ifs

10

25  bar
Flow rate 2000 '
1500
w0 e Pressure difference
1000
o 20 ap=pi-pas 25 moar
(1]
I/s s
10—
9
Pipeline Pressure E
pressure fluctuation 8 —
71 22 73
Setpoint Valve i ¢ Flow E
flow rate position rate & —
Controller H System P? 5
¥ E
> B
33
23
13
o3 ! 103
40 40 25
| Start ‘ ‘ Stop | | Reset ‘ | Print ‘ @

<< Back ‘

Continue >»

The actual value (flow rate) adjusts to the new set point (reference variable) after a certain time
without overshooting. This is again a matter of examining the command response, since the set point

(reference variable) has been adjusted.
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Task 4.
Change the pipe line pressure to 3.5 bar.

What will happen?

(il Controlled Flow Rate System I it
Flow rate system with delayed control valve, controlled
Setpoint Ifs Actualvalue Ifs  Control deviation
Initial pipeline pressure F
Valve position 9 9 E @
35  bar 7L % E 8 8 E s
7 7 2
S 3 3 E 2
5 5 o
— 4 4 -2
' 3 3 E -
Flow rate 2000 ' E
2 2 E -
40 /s =L . E e
Pressure difference i i E s
1000 =
@ Pressure fluctuation 300 GyP=TheEES SR M ¢ ¢ — o
40 40 00
0
/s s [] Trend Stop
10— 0 T
93
Pipeline Pressure E
pressure fluctuation B —
71 z2 74
Setpoint Valve i ¢ Flow E
flow rate position rate 57:
Controller System > 5
y E
[ W
33
23
13
0 FT s — L i [
Setpoint flow rate I/ P
40 40 33 Actual flow rate Ifs Actuating sig e
| Start ‘ ‘ Stop | | Reset ‘ | Print ‘ @ <« Back ‘ Continue »» ‘ Qverview
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The flow begins to increase.

The controller tries to adjust the actual value (actual flow rate) to the set point by closing the valve

further (control signal reduced).

After a certain time, the controller has corrected the disturbance. This is about the investigation of

the disturbance response, since it reacts to a disturbance.
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5.2.2 Closed-loop Control with P Controller
Go to,,Overview” and select item 4.4 ,Closed-loop control with P controller”.

Click , Start”.

Task 5.

Change the set point to 4 |/s and wait until the control loop has settled, i.e. until the actual value no
longer changes.

i Flow rate with P contraller = 3|
Setpoint Ifs Actual value Ifs Control deviation
10 10 —
Initial pipeline pressure F
Valve position 9 9 a—
25  bar 15 % E g 8 E s
7 7 F a
Ry 6 6 ~ 2
5 5 ]
4 q -2
Flow rate o ' ' i i E
2 2 ~ -6
17 /s . E
Pressure difference 1 il E
1000 =
_ _ 0 0 E .10
500 Ap=pl-p2= 45 mbar
(®) pressure uawaton e .
o
s s bar [] trend stop w =
(#) Auto. control 105 40— : : 100
(") Manual control 3 %0
E| 80
Control quality 70
14392 0
‘e «
- @
30
K. 200
20
10
0
w B 5 Setpoint flow rate Ifs  Actual flow rate Ifs  Pipeline p Valve position % Actuating signal 36—
[ [ |[vom | [ [ oo | [ | @ [ | [ ] [ oo

After the settling phase, it can be clearly seen that the actual value (controlled variable, actual flow
rate) does not reach the set point (reference variable, set point flow rate). We get a steady-state
control error.

The steady-state control error is defined as e = w — x, with

w = Reference variable (set point) and x = controlled variable (actual signal).

Reason:

The P controller works like an amplifier. The input signal to the controller w - x (set point - actual
value) is amplified with the specified amplification factor (in our case 20). In order for the P controller
to output a control signal (a valve position) that is not equal to zero, the set point and actual value
must be different, i.e. permanent control difference.
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The size of the control signal y can be calculated. In the steady state, the actual value x goes to

If the controller outputs 0, the valve closes and the flow rate goes to 0.

approximately 1.7 I/s. The set point w was set to 4l/s. This results in a control errorofe=w-x=4 -
1.7=23.

The control signal can be calculated with the set gain K = 20 of the P controller:
Control signaly =K * (w—-x)=20* (4 —1,7) = 46.

This corresponds roughly to the displayed value of the control signal of 45.4.

Task 6.
Change the gain of the P controller from 20 to 80 and wait until the control loop has settled again.

What will happen?

Al Flow rate with P controller =]

19.11.2021

17 03

Setpoint Ifs Actual value Ifs Control deviation

10 10 — 10
Initial pipeline pressure =
Valve position ] ] - &
25  bar 63 % E B B E ¢
7 7  a
S 6 6 E 2
5 5 = 0
4 4 -2
' 3 3 - 2
Flow rate 2Rl '
32 1= 1500 : 2 2 E s
Pressure difference

1000 g g E®
_ _ 0 0 E .10

500 Ap=pl-p2= 149 mbar

(1]

/s /s bar % %
(%) Auto. control 10— 100
(") Manual control 9 %0
= 80
Control quality T—E E 70 4 4
482673 6] é e
el S 50
| 4] 3 o
» E 30
K 0.0 2 El
2] Ef 20
1 E 10
o 103 o
0 32 75 Setpoint flow rate Ifs Artual flow rate Ifs  Pipeline pressure ba Valve position % Actuating signal % &7 [ 677

Block structure Evaluation

B

[ ] @ [ |[owe

The control difference between the set point and the actual value becomes significantly smaller
when the gain K is increased from 20 to 80. However, the P controller does not manage to adjust the
actual value to the set point here either. For the reason described above, we also get a permanent,
albeit significantly smaller, control difference (e = w - x).

The calculation resultsiny = K * (w - x) =80 * (4 - 3.2) = 64.
The value corresponds approximately to the displayed value of the control signal.

The P-controller also reacts to a disturbance (change in the pipe line pressure). A permanent control
difference (steady-state control error) is also obtained for this.
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Task 7.
Change the pipe line pressure to 3.5 bar.

What will happen?

[l] Flow rate with P controller = i
Flow rate control with delayed control valve, P controller
Setpoint Ifs Actualvalue Ifs  Control deviation
— 10
Initial pipeline pressure E
Vslve position g g E e
35  bar Gl % E g g E®
7 7  a
e 6 6 = 2
5 5 o
4 4 ~ -2
Flow rate 2000 ' ' : : E
2 2 -
32 s =10 § E e
Pressure difference 1 i E
1000 e
500 Ap=pl-p2= 157 mbar o o = -10
@ Pressure fluctuation 20 22 08
0
s Iis D Trend Stop - o
(%) Auto. control 104 : 100
(") Manual control 9 %0
EE 80
Control quality B I = B -
1591 63 - o 4l 4l
5 | 25— e 50
.| :
» s : : : : : : : i : s
Ko 800 3| Fo R S [ R A [ R [ -
24 H H ; ; H H ; 20
1 10
o3 103 : : : : : : : : : : o
+0 108 35 Setpoint flow rate I/s Actual flow rate Ifs  Pipeline pressure bar Valve position % Actuating signal % 614 [ 618
| Start ‘ ‘ Stop | | Reset ‘ | Block structure Evaluation ‘ | Print ‘ @ ‘ << Back ‘ Continue »> ‘ Qverview

The P-controller reacts to the disturbance, the steady-state error remains.

As can be seen from the settling response of the control, the P controller reacts immediately and
quickly to set point and disturbance value changes (command response and disturbance response).
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5.2.3 Closed-loop Control with | Controller:
Go to,,Overview” and select item 4.5 ,,Closed-loop control with | controller”.

Click , Start”.

Task 8.
Change set point to 4l/s.

What will happen?

(i Flow rate with 1 contraller I i
_/_\_ Setpoint Ifs  Actualvalue Ifs  Control deviation
10 10 — 10
Initial pipeline pressure E
Valve position g el E ¢
25 bar 3% E 8 8 E &
7 7  a
Py 6 6 E 2
5 5 ~ o
4 4 ~ -2
' 3 3 E s
Flow rate 4Ty ' E
13 s 1500 . : ? E
Pressure difference 1 il E
1000 I e
- - o o E 10
500 Ap=pl-p2= 26 mbar
(1]
s s bar [] Trend Stop « %
(%) Auto. control 104 ; : : 100
(") Manual control 9 %0
LE 80
Control quality 7—E 203 0
558.81 57_ ; 60
s 25 50
| ] g
23 o -
e 5.0
2 20
» . 10
e ‘ 0
20 13 25 Setpoint flow rate I/s Actual flow rate Ifs Pipeline pressure ba  Valve position % Actuating signal % 338 | 341
| Start ‘ ‘ Stop | | Reset ‘ ‘ Block structure | Evaluation ‘ | Print ‘ ‘ << Back ‘ Continue >> ‘ Qverview

The valve is slowly opened by the | controller. After a long period of time, the actual value reaches
the set point.

By reducing the integration time (e.g. to 1), the actual value reaches the set point faster.

But even then the settling is very slow.
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5
U Flow rate measurement =] = EE -

At the desired time
following controller

400 Us setup was active
Actual flow rate 3.26 Us
Leitungsdruck Pipeline pressure 250 bar
D_Stellsignal Actuating signal flow rate 6943 %
Ventilstellung Valve position flow rate control 69.36 % fcontraer
Messung Nr. 1 (Standardmessung, 10.050 s) Speicherzeit: 1*0.050 s
Resettime:5.00 s
Ende: Fr 19.11.2021 17:33:28
F0.00 —p=mmmrmmqmmm s O SRR E SR LR e :
Q00 L4 ,,,,,,,,,,
0 o PRI SRR HORE SRS P MRS RS SRS M— s e
7.00 §
6.00 S A
5.00
400
300
2.00 fh--mree o femeeees donmeens boennas [ deemeanees
1.00 S R
0.00 ‘ i : f f ‘ i

Er 19 11 2021 17-27-59 000 Fr 1911 17:30:43.500 Fr19.11.2021 17:33:28.000

The | controller is not suitable for this flow control because the settling takes too long.
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5.2.4 Closed-loop Control with PI controller:
Go to,,Overview” and select item 4.6 ,Closed-loop control with Pl controller”.

Click , Start”.

Task 9.

Keep the preset parameters:
Gain K =20, Reset time Ti = 3.
Change the set point to 4l/s.

Observe the settling behavior.

[l Flow rate with PI controller = e e
Setpoint Ifs  Actualvalue Ifs  Control deviation
10 10 —
Initial pipeline pressure E
Valve position g el E ¢
25 bar 78 % E 8 8 E &
7 7  a
e 6 6 E 2
5 5 ~ o
E 4 4 E 2
' 3 3 E s
Flow rate 4Ty ' E
40 s 1500 . : ? E
Pressure difference 1 il E
1000 e
o 0 Ap=ri-pa= 20 moar ° ° -
40 40 00
(1]
s s bar [] Trend Stop « %
(#) Auto. control ; : : 100
(") Manual control %
“a -
Control quality 70
17.50 50
50
-e g
30
K: 20.0
20
Ti (Tn): 30
10
: : : : 0
20 40 25 Setpoint flow rate I/s Actual flow rate I/s  Pipeline p Valve position 3% Actuating signal % 77 (777
| Start ‘ ‘ Stop | | Reset ‘ Block structure Evaluation ‘ | Print ‘ @ ‘ << Back ‘ ‘ Continue >> ‘ Qverview

The actual value (controlled variable, actual flow rate |/s) of the control loop with the Pl controller
and the set parameters reaches the new set point (reference variable, set point flow rate I/s) after a
short time without overshooting.

Since the set point has been changed, this is about the investigation of the command response.

89



Task 10.

Investigate the disturbance response.

Ingenieurbiiro

Dr.-Ing. Schoop

When the control loop has settled to 4l/s, change the pipe line pressure to 3.5 bar and observe the

behavior.

(il Flow rate with PI controller

= X

Initial pipeline pressure

35 bar

Valve position
7% E

I

Setpoint I/s
10

20

Flow rate control with delayed control valve, Pl controller

Actual value I/s

— 10

E s
7
E s
E s
E s
E s
E:
E 1
E_ o
40

Flow rate 2000 .
1, 1500
401 Pressure difference
1000
@ Pressure fluctuation 500 Ap=pl-p2= 240 mbar
o
Ifs Ifs
(®) Auto. control 10
() Manual control 3
k-3
Control quality 7
013 6
5
T
3
K 200
2
Ti (Tn): 30
1
[} 102 H
20 40 35 Setpoint flow rate I/s  Actual flow rate I/s
‘ Start | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure Evaluation | | Print |

Actuating signal %

Control deviation
8
6
4
2
o
-2
-4
-6
E

-10
00

710 | 710

Continue >»

Overview

The higher pipe line pressure causes an increase in the flow. The controller tries to counteract this

and reduces the valve opening. After a short settling phase, the actual value reaches the set point

again.

The behavior of the control loop to a change in the disturbance value is referred to as disturbance

response.
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The number in the box labeled "Control quality" indicates a value about the quality of the steady
control loop. The smaller the number, the faster the control loop has settled and the actual value has
reached the set point.

Task 11.

Try to reduce the value for the control quality by adjusting the controller parameters.
With the controller parameters K = 20 und Ti = 3, a control quality of 17.5 was achieved.

So that the control quality is comparable in the tests, all tests must be started with the same initial
states. The best way to do this is to click "Reset". This means that the set point flow rate, pipe line
pressure and actual flow rate are again given the initial values.

Now change the controller parameters and then adjust the set point flow rate to 4l/s. Wait until the
control loop has settled.

v
[l Flow rate with PI controller = |
23112021 0
159755 Flow rate control with delayed control valve, Pl controller
Setpoint /s Actual value Ifs Control deviation
10 — 10
Initial pipeline pressure E
Valve position z E 9 3
25  bar 78 % E g E B 5
7 F 7 4
e 5 E s 2
5 S 0
4 E- g 5
Flow rate 2L ' ' 3 ; 3 *
40 s 1500 ) 2 E 2 5
Pressure difference 1 S
1000 E 3
- - o = 0 -10
N 500 Ap=pl-p2= 240 mbar
@ Pressure fluctuation 20 20 00
o
/s s bar % %
(#) Auto. control 10 20— 100
(") Manual control 2 3 %0
354
s i " -
Control quali §1
quality 7 | 70
798 3 ;: 60
S 25 50
>3 3 o
3 20_5] 30
K: 50.0 , - o
Ti (Tn) 10 155
1 3 10
[ 10 - : : : 0
20 40 25 Setpoint flow rate I/s Actual flow rate I/s Pipeline pressure bar Valve position % Actuating signal % 777 7717
‘ Start | ‘ Stop ‘ ‘ Reset ‘ Block structure Evaluation | Print | @ | << Back ‘ | Continue »> ‘ Overview

With the parameters K =50 und Ti = 1, a control quality of 7,98 is obtained.

However, the control loop becomes very restless and the control signal and actual value begin to
oscillate before they settle.

Carry out the experiments with further controller parameters:

e Click reset

e Set controller parameters

e Set the set point to 4l/s

e Wait until the control loop has settled..
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By adjusting the parameters e.g. to K =200 and Ti = 0.5, the control loop becomes unstable and
carries out a continuous oscillation.

[ (il Flow rate with PI controller EI_‘Q
23.11.2021 .
15asan Flow rate control with delayed control valve, Pl controller
Setpoint I/s Actual value Ifs Control deviation
10 — 10 10
Initial pipeli
nitial pipeline pressure F—— o o a
25 bar 54 % E ] H 6
7 7 4
6 6 2
5 5 [
4 4 5
Flow rate 2000 . ' 3 3 -
a1 Ui 1500 ) 2 2 5
P diff
- ressure difference 1 E 1 8
° E_ o B
@ Pressure fluctuation 500 AEEEE R i3 1 o1 w0
[
Ifs /s bar % %
(#) Auto. control 1o : 100 *
(") Manual control 2 %0 L
2 35 E 20
Control quality 7 O T r 70
818 5 .
53 g 25 ].” ”| 50
[onee: | b ¢ ool o
s 20 ; ; ; ; 30
© 200 . e e 1 L e e -
Ti (Tn): 05 15 : : : H '
1 Ef 10
° 103k : : : : : : : : : : 0
20 41 25 Setpoint flow rate Ifs  Actual flow rate Ifs  Pipeline pressure bar  Valve position % Actuating signal % 838 | 928
‘ Start | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure ‘ Evaluation | | Print | @ | << Back ‘ | Continue »> ‘ Overview
] Flow rate measurement = |
W] b | b b B [T ] 20| 3B Arthe desired dme

—— following controller

SDHaUTChﬂUSS ____________ \ Setpoint flow rate 400 Us setup was active:

Durchfluss Actual flow rate 4.09 s

Leitungsdruck Pipeline pressure 250 bar

D_Stellsignal Actuating signal flow rate 4338 %

Ventilstellung Valve position flow rate control 7156 % Pl cantroller
Messung Nr. 1 (Standardmessung, 10.050 s) Speicherzeit: 170.050 s Gain- 20000
Messungsbeginn: Di 23.11.2021 14:54:02 Ende: Di 23.11.2021 15:45:30 Resetme 0302

10.00 . T - - [ [ - .
9.00 :

8.00

7.00

6.00

5.00

4.00

300 Jerrendron il
2004t} SN AN - S
100 Jomi ] S S S —
0.00 : i : ' ' : ' ' ‘ : |

Di 23.11.2021 15:44:15.300 Di 23.11. 15:44:31.550 Di 23.11.2021 15:44:47 850

-
4 led

In order to achieve an aperiodic response (without overshoot), you can use the preset parameter
values.
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5.2.5 Closed-loop Control with PID Controller:

Go to,,Overview” and select item 4.7 ,,Closed-loop control with PID controller”.
Click , Start”.

Task 12.

Investigate the command response with the preset parameters:

Gain K = 10, reset time Ti = 2, derivative time Td = 0,5

Change set point to 4l/s.

What will happen?

N
[l Flow rate with PID controller =3 |
.
Flow rate control with delayed control valve, PID controller
Setpoint /s Actual value Ifs Control deviation
10 — 10
Initial pipeline pressure E
Valve position z E 9 3
25  bar 78 % E E— 8 6
7 F 7 4
e 3 S 7
5 S 0
4 E- s 5
' 3 E s 4
Flow rate 2L ' =
2 — 2 4
40 /s 1500 : E 5
Pressure difference 1 S
1000 E 3
- - o = 0 -10
N 500 Ap=pl-p2= 240 mbar
@ Pressure fluctuation 20 20 00
o
s Ifs L3 £
(#) Auto. control 10 100
(") Manual control 2 %0
8 B0
------------------------------------------------------------------------- - .
Control quality 7 70
30.69 & 50
sipgmy 25— HA—rF—+ 50
'S o
3 30
2 20
Ti (Tn) 20
1 10
Td (Tv): 05 E H ' H | H H | H | H
o 10 3% . H H H H H H H H H 0
20 40 25 Setpoint flow rate Ifs  Actual flow rate |/s Pipeline pressure bar Valve position % Actuating signal % 777 7717
‘ tart | ‘ Stop ‘ ‘ Reset ‘ Block structure Evaluation | Print | @ | << Back ‘ | Continue »> ‘ Overview ‘

The control loop reaches a stable state aperiodically (without overshoot). The actual value reaches
the set point.

As can be seen in the trend diagram, the sudden change in the set point causes a peak in the control
signal. This peak is triggered by the D component of the controller. The derivation of a sudden
change causes an (infinitely) large value.

The control quality goes to 30,69 and is therefore worse than with the Pl controller with the
parameters K=20and Ti = 3.

Note on the trend display with the PID controller:

In the trend display it can happen that the peak is not shown. You can, however, see that the peak is
present via "Evaluation" (display of the stored signal values) and selection of a corresponding time
range.
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Task 13.
Try to improve the control quality by adjusting the controller parameters.

So that you can compare the experiments, you always have to start from the same initial states.
Therefore

o C(Click “Reset”

e Change the controller parameters

e Adjust the set point to 4l/s

e  Wait until the control loop has settled

[} Flow rate with PID controller = —E3

Flow rate control with delayed control valve, PID controller

Setpoint Ifs Actualvalue Ifs  Control deviation

Initial pipeline pressure E
Valve position £ E ¢ B
25  bar 78 % E g E- ¢ ©
7 B 7 4
— N 6 E 6 2
5 S 0
—— . E 4 @
Flow rate 2000 ' . 3 = 3 "
2 E- 2 P
10 /s 1500 ) E &
Pressure difference E
1000 1 E ! bl
_ _ [ E o -10
500 Ap=pl-p2= 240 mbar
@ Pressure fluctuation 20 20 00
(1]
s Ifs bar [] trend Stop « «
(®) Auto. control 10 403 : : : : : : : : : Hak
(") Manual control B 30
35
¢ e I
Control quali
quality 7 = 70
1119 5 -
53 g 25 50
»e - o
3 20 30
K: 200 A »
Ti {Tn): 05 15
1 10
Td (Tv): 15 3
0 10 - 0
20 40 25 Setpoint flow rate I/s  Actual flow rate Ifs  Pipeline pressure bal Valve position % Actuating signal % 7 (777
| Start | | Stop | | Reset ‘ Block structure Evaluation ‘ | Print | @ ‘ << Back | Continue »> ‘ Overview

With the controller parameters K = 20, Reset time Ti = 0,5 and derivative time Td = 1,5 you get a
control quality of 11,19.
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Info:

In practice, the Pl controller is most common. If a PID controller is used, the D component is often
turned off so that the controller only works as a Pl controller.

One of the reasons for this is that the D behavior in a control loop is difficult to assess. In
principle, the D component gives you the option of making the control faster (which is often very
difficult, however).

The D component considers the change between the set point and the actual value. If the change
increases, i.e. the difference between the set point and actual value increases, the D component
adds a calculated value to the control signal. If the difference between the set point and the
actual value decreases, the D component subtracts a calculated value from the control signal. In
principle, the D component takes into account the trend, whether the difference between the set
point and actual value is increasing or decreasing. If the difference increases, the D component
amplifies the control signal; if the difference between the set point and actual value decreases,
the control signal is reduced.
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5.3 Examine Controlled System
For flow rate control, choose the item 4.3, Examine controlled system*.

The flow rate control is a system with self-regulation. In the event of a sudden change in the control
signal, the actual value (controlled variable, actual flow rate) settles to a constant value after a finite
time.

Task 14.
Click , Start”.
Increase the actuating signal in steps of 10% wait each time until the flow rate is constant.

Observe the flow rate behavior.

v
[l Examine Flow Rate El_‘g

Examine flow rate system with delayed control valve

Pipeline

Initial pipeline pressure pressure

Valve position ol
25  bar 100 % Valve l
position Flow rate
 — System —
v X

2000

Flow rate

Evaluation

I, 1500
e s Pressure difference
1000
@ Pressure fluctuation 500 I Ap=pl-p2= 862 mbar
o

Ifs bar [] trend stop

=
=

76 25 Flow rate Ifs Pipeline pressure bar Valve position % Actuating signal % 100.0[100.0

=N ) =

Continue >>

‘ Start | ‘ Stop

‘ Overview
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) i mesm = |
] e | A | ] 80| S

{SOIFEHNGS 77777 Selpoint flow rete 0.00 1000 Us
/s

Durchfluss Actual flow rate 0.00 10.00
Leitungsdruck Pipeline pressure 1.00 4.00 bar

D_Stellsignal Actuating signal flow rate 0.00 100.00 %

Ventilstellung Valve position flow rate control 0.00 100.00 % Strecke untersuchen

Messung Nr. 1 (Standardmessung, 10.050 s) Speicherzeit: 1*0.050 s

Messungsbeginn: Do 25.11.2021 15:29:02 Ende: Do 25.11.2021 15:36:07
10.00 7o [ [ A [ e A R

9.00

8.00

7.00

6.00

5.00

4.00

3.00

2.00

1.00

0.00 T T T 1
Do 25.11.2021 15:29:02.000 dt: 00:01:07.750 Do 25.11.2021 15:30:09.750

< m b

As can be clearly seen, the flow rate behaves differently depending on the operating point, i.e. a
change in the control signal from 10% to 20% results in a smaller change in the actual flow rate than
a step in the control signal from 80% to 90%.

This means that the control loop will also behave differently depending on the operating point.
Therefore, in the case of control, it must be taken into account at which operating point the control
is to be operated.

In the following, the operating point at round about 2I/s (between 1.5|/s and 2.5l/s) is considered;
the control signal for this range is between 40% and 60%.
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5.4 Controller Tuning Rules

The flow rate system is a controlled system with self-regulation.

In the event of a sudden change in the control variable, a controlled system with self-regulation
oscillates to a constant value after a finite time, while with a controlled system without self-
regulation, the controlled variable (actual value) continues to increase.

In order to use the controller tuning rules. e.g. according to Chien/Hrones/Reswick, the system has to
be examined.

A step in the control signal (sudden change in the control signal by 1)is applied to the controlled
system. The behavior of the output signal of the system (controlled variable) can then be measured.

For the controller setting procedures for systems with self-regulation, the parameters Tu, Tg and Ks
are determined as shown in the figure below.

Te = Tu = Delay time
Tb = Tg = Compensation time

Ks = Gain

LAY A

F 3
v
F 3
v

Tu Tg

In the new standard, the delay time is designated with Te, the compensation time with Tb and the
turning point with P.

Since the terms Tu and Tg are still used in most of the literature, we keep the old terms here, or use
both.

98



Ingenieurbiiro
/ Dr.-Ing. Schoop
With the help of these three parameters, the controller parameters can then be determined from
the setting table according to Chien / Hrones / Reswick:

Table 3: Equations to calculate controller parameters according to Chien/Hrones/Reswick

Quality criteria
Controller With 20 % Overshoot Aperiodic case
Disturbance Command Disturbance Command
07 T 07 T 03 T 03 T
=) Kp~— -2 Kp~—- -2 Kp~— -2 Kp~—- -2
07 T 06 T 06 T 035 T
sz_._g sz_._g sz_,_g sz__g
PI Ks Ty Ks Ty Ks Ty Ks Ty
T,~23-Ty T,~T, T,~4-T, T,~12-T,
1.2 T 095 T 095 T 06 T
Pz_._g sz_._g b 9 sz—-—g
Ks Ty Ks Ty Ks Ty Ks Ty
PID
T,~2-Ty, T, ~ 135 T, T, ~24-T, T,~T,
Ty = 042 -Ty T, ~047 -Ty |TV =042-T, T, ~ 05T,
T
For systems without self-regulation use g instead of .
KsTy ) K1s'Ty )

The table was taken from: E. Samal, Grundriss der praktischen Regelungstechnik, Oldenbourg
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Under item flow control, select point 4.3 "Examine controlled system".

Task 15.

Click ,,Start”. Increase the control signal to 40%. Wait until the controlled variable (flow rate) has
settled.

Then increase the control signal to 60% and wait again until the flow rate has settled.

Click "Evaluation" and try to measure the recorded system behavior for the step to 60%.

i) Flow rate measurement = ] |

L UE AR RN TN R AR A

Soﬂdurchﬂuss | Setpoint flow rate 0.00 10.00 Is

Durchfluss Actual flow rate 0.00 10.00 Vs

Leitungsdruck Pipeline pressure 1.00 4.00 bar

D_Stellsignal Actuating signal flow rate 0.00 100.00 %

Ventilstellung Valve position flow rate control 0.00 100.00 % Strecke untersuchen

Messung Nr. 1 (Standardmessung, 1*0.050 s) Speicherzeit: 10.050 s

Messungsbeglnn Do 25 11 2021 16:35-11 Ende: Do 25 112021 16:36:02

0.00 ; ;

; : : : : :
Do 25.11.2021 16:35:11.000 dt: 00:00:51 Do 25.11.2021 16:36:02.000

With the help of the button bar at the top of the window you can change time and display sections
(zoom).

B[] e b | b | |1 |20 3

Click on the blue signal (controlled variable, actual flow rate) and try to determine the gradient of the
flow curve by drag and drop.
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(i Flow rate measurement = il

] b e b 8| 1| ] 20| S

Solldurchfluss Setpoint flow rate 1.00 3.00 s
‘Durchfiluss ™™ "7 Actual flow rate 1.00 3.00 Us
-[é-iwﬁé-s-d-rUéK ----------- Pipeline pressure 1.00 3.00 bar
D_Stellsignal Actuating signal flow rate 30.00 70.00 %

Ventilstellung Valve position flow rate control 30.00 70.00 % Strecke untersuchen

Messung Nr. 1 (Standardmessung, 170.050 s) Speicherzeit: 170.050 s
Messungsbegin Ende: Do 25.11 2021 16:41:31

3.00

2.80

2.60

2.40
220
2.00

00-00:00.300
dy = 0.23 /s
dy/dt = 0.7651 I/s/s

..., P LLOHEEG H

e e S

1.00 ‘ i ’ i ‘ i i i
Do 25.11.2021 16:35:31.450 dt: 00:00:07.850 Do 25.11.2021 16:35:39.300

Close
< [ r

The gradient of the tangent at the turning point can be read approximately from the two curves
shown above: dx/dt = 0.75l/s/s.

After the sudden change in the control signal from 40% to 60%, the flow rate goes from 1.5|/s after
the settling phase to 2.6l/s.

This enables the compensation time Tg to be calculated:
dx/dt = (End value — Start value) / Tg, so

Tg=(2,6l/s—1,5l/s)/0,75l/s/s = 1,466s

Since we have entered a step height of 20% for the control signal, we have to take this into account
when calculating Ks.

Ks = (End value — Start value) / Step height

(2,6l/s—1,5l/s) / 20 = 0,055

The delay time Tu can be measured and is approximately 0,2s.

Hence: Te=Tu=0,2s Th=Tg=1,466s Ks = 0,055
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This results in the following controller parameters from the table for the Pl controller:

Pl controller

Command response with 20% overshoot
K=0,6*Tb / (Ks*Te) 79,96
Tn=Tb 1,47

Command response aperiodic
K =0,35*Tb / (Ks*Te) 46,65
Th=12*Tb 1,76

Disturbance response with 20% overshoot
K=0,7*Tb / (Ks*Te) 93,29
Th=2,3*Te 0,46

Disturbance response aperiodic
K=0,6*Tb/ (Ks*Te) 79,96
Th=4*Te 0,80

Since the investigation of the system was carried out for an operating point with a flow rate of 2I/s, a
set point step from 0I/s to 2I/s should be used.

~
[ Flow rate with PI controller = — 5|

Setpoint s Actual value Ifs Control deviation

10 — 10 — 10

Initial pipeline pressure E
Valve position o z E 8
25  bar 51 % E 3 8 E 6
7 7 E a
S 3 & ~ 2
5 5 ~ o
4 4 - 2
' 3 3 - 4

Flow rate A ' E
2 2 -
20 Ifs =0 . EoE

Pressure difference E
1000 ! ! E 8
- - 0 o £ -10

500 Ap=pl-p2= 60 mbar
@ Pressure fluctuation 20 20 0.0
[}

Ifs Iis
(#) Auto. control

(") Manual control

Control quality
121

Parameters

K. BO.O

Ti (Tn) = B

Setpointflow rate Ifs  Actualflow rate Ifs  Pipeline ba Valve position % Actuating signal % 506 | 506

| Start | | Stop | | Reset | | Block structure | Qverview

Evaluation ‘ ‘ Print ‘ @ ‘ << Back | ‘ Continue >>»

Figure 19: Command response with 20% overshoot
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[ Flow rate with PI contreller
Flow rate co
Setpoint /s Actual value Ifs Control deviation
Initial pipeline pressure E
Valve position E 8
~ &
25  bar sk E E
4
\/- ~ 2
= o
2
s
Flow rate 2000 ' E
- 6
1 1500 E
20 /s Pressure difference =
1000 E -8
=pl-p2= = -10
@ Pressure fluctuation LD Ap=pl-p2 CORES 00
[}
Is s bar % %
(#) Auto. control 10
() Manual control 2
=
Control quality 7—f
145 E
K: 46.6
Ti {Tn): 18 |
20 20 25 Setpoint flow rate Ifs Valve position % Actuating signal % 505 | 506
| Start | | Stop | | Reset | | Block structure | Evaluation ‘ ‘ Print ‘ @ ‘ << Back | ‘ Continue >> | | Qverview

Figure 20: Command response aperiodic

Disturbance response: Pipe line pressure from 2,5bar to 3,5bar:

(] Flow rate with PI controller
Setpoint I/s Actual value Ifs  Control deviation
10 — 10
Initial pipeline pressure E
Valve position g F 8
35  bar 44 % E g E s
7 4
N 3 E 2
5 ~ o
4 F -2
Flow rate AT ' ' : E
% = -
20 Ifs =4 . E
Pressure difference F
1000 1 E
@ Pressure fluctuation 10 Ap=pl-p2= 60 mbar ¢ OCT e
0
Vs s [] Trend Stop % %
(#) Auto. control 10 ;
OManuaIchtrol
Control quality 74 70
001 5_5 60
5 50
o
34 3p
K 933 3 5
iz BB ; 20
| 13 : 10
o ! E o
70 20 35 Setpoint flow rate Ifs Actual flow rate Ifs Valve position % Actuating signal % 257 | 242
e e ) e | 1 N -

Figure 21:Disturbance response with 20% overshoot
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[ Flow rate with PI contreller

Initial pipeline pressure

Valve position
35 bar 44 % E

2000 '

Flow rate

Ifs Ifs bar
(#) Auto. control 1

() Manual control

! 1500
201 Pressure difference
1000
@ Pressure fluctuation 500 Ap=pl-p2= &0 mbar
[}

=

Flow rate control with delayed control valve, Pl controller

Setpoint /s
10

9
8
7
3
5
4
3
2
1
0

Control quali =
quality 7 3 20

0.01 o
5 25

K. 80.0

24
Ti (Tn) 08 T » E 15

)
L
o
)
|

20 20 35

Setpoint flow rate Ifs Actual flow rate Ifs

| Start || Stop || Reset |

Block structure

Evaluation

‘ Print ‘ @

Valve position %

Actual value Ifs Control deviation

=10 —
E s E s
E s E s
E 7 E s
E- s E 2
= = o
E 4 E 2
E s E
E-: =
Iz—l E =
E_ o E 10
20 0.0

Actuating signal 3
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Figure 22:Disturbance response aperiodic

For the PID controller, inserting the values in the table gives us the following parameters:

PID controller

Command response with 20% overshoot
K=0,95*Tb / (Ks*Te)

Tn=1,35*Tb

Td=0,47 * Te

Command response aperiodic
K=0,6*Tb / (Ks*Te)

Tn=Tb

Td=0,5*Te

Disturbance response with 20% overshoot
K=1,2*Tb / (Ks*Te)

Tn=2*Te

Td=0,42 *Te

Disturbance response aperiodic
K=0,95*Tb / (Ks*Te)
Th=2,4*Te

Td=0,42 *Te

126,61
1,98
0,09

79,96
1,47
0,10

159,93
0,40
0,08

126,61
0,48
0,08
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Set point step from 0Ol/s to 2I/s:
0.2s was taken as derivative time, since the entry is limited to 0.2s

[ Flow rate with PID cantroller

Setpoint I/s Actual value /s Control deviation

10 — 10 —
itial pipeline pressure E
Valve position E 8
— &
25 | bar sLo% E E
4
N E 2
~ o
2
' 4
Flow rate 2 ' E
1500 e
R Pressure difference F
1000 E -8
lemae E .10
@ Pressure fluctuation 10 Ap=pi-p2 ) by 00
o
Vs s bar [[] Trend Stop . w
(#) Auto. control 104
(") Manual control 2
=
Control quality 7 —f
118 5 9
5
e
K: 126.6 3
2
Ti {Tn): i BB E
14
Td (Tu): 0.2 | ]
=
20 20 25 Setpoint flow rate Ifs  Actual flow rate I/s Pipe Valve position % Actuating signal % s05 | 505
| Start || Stop || Reset | ‘ Block structure ‘ Evaluation | ‘ Print ‘ @ ‘ << Back | ‘ Continue >> | | Qverview |

Figure 23: Command response with 20% overshoot

[ Flow rate with PID cantraller

Setpoint I/s Actual value Ifs  Control deviation

10 10 — 10
Initial pipeline pressure E
Valve position g 9 F 8
— &
25  bar 5L % E B 8 E
7 7 4
Ny 6 & ~ 2
5 5 ~ o
4 4 2
Flow rate AT ' ' : : E
2 2 E -
20 Ifs =4 . E
Pressure difference 1 il F 2
1000 E
- - ] o E--10
500 Ap=pl-p2= 60 mbar
@ Pressure fluctuation 20 20 00
0
Vs s bar [[] Trend Stop . w
(#) Auto. control
OManuaIchtrol
8
Control quality 7 —f
120 5—5
5
e
K: 80.0 3
e
Ti {Tn): = BB E
14
Td (Tu): 0.2 | ]
(= E
70 20 25 Setpoint flow rate Ifs  Actual flow rate I/s Pipe Valve position % Actuating signal % s05 | 508
| Start | | Stop | | Reset | ‘ Block structure ‘ Evaluation | ‘ Print ‘ @ ‘ << Back | ‘ Continue >> | | Qverview

Figure 24: Command response aperiodic
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Disturbance response: Pipe line pressure from 2.5bar to 3.5bar.

0.2s was taken as derivative time, since the entry is limited to 0.2s
@ Flow rate with PID controller )

Flow rate control with delayed control valve, PID controller

Setpoint Ifs Actual value Ifs Control deviation

10 =10 — 10

Initial pipeline pressure E E
Valve position ¢l E ¢ = 8
35  bar a4 % E g_ g e 5
E- 7 E 4
W E-s E 2
E s = o
E a E 2
Flow rate 2000 ' ' E? E
20 Ifs 1500 . E 2 E®

Pressure difference E
1000 B E e
_ - [ E 10

500 Ap=pl-p2= 60 mbar
0

@ Aute. control
O Manual control

Control quality
0.00

Parameters

K 159.9

Ti (Tn): 0.4
Td (Tu): 02

10 =t

Setpoint flow rate Ifs  Actual flow rate I/s Pipe 3 Valve position % Actuating signal %
P ! P R 227 [282

[ [ o [[ron | [sommane

[ | [ | @ [ |[ommer | [ omm

Figure 25:Disturbance response with 20% overshoot

[ Flow rate with PID cantraller = e

Flow rate control with delayed control valve, PID controller

Setpoint I/s Actual value Ifs  Control deviation

10 — 10 —
Initial pipeline pressure E E
Valve position g B ¢ F 8
35  bar 4 % E g 5_ & ;7 g
7 E 7 4
L 6 E & E 2
5 E- s E o
4 E- s E -2
Flow rate 2000 ' ' E E 2 E e
2 E 2 E -
20 Ifs 1500 5 E s
Pressure difference E E
1000 a E- 1 F &
- - ] E ¢ E--10
500 Ap=pl-p2= 60 mbar
@ Pressure fluctuation 20 20 00
0

Us s bar [] Trend Stop . w
(#) Auto. control ; : :

O Manual control

Control quality
0.00

Parameters

K 1266
Ti {Tn): 05
Td (Tw): 0.2 3
70 20 35 Setpoint flow rate Ifs  Actual flow rate I/s Pipeline e bal Valve position % Actuating signal % 257 | 242
| Start | | Stop | | Reset | ‘ Block structure ‘ Evaluation | ‘ Print ‘ @ ‘ << Back | ‘ Continue >> | | Qverview

Figure 26: Disturbance response aperiodic
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Controller tuning rules are empirically determined methods that are often suitable for calculating

5.5 Assessment of the Controller Tuning Rules

good controller parameters by rule of thumb.

The settings for calculating controller parameters distinguish between disturbance and command
response. Different controller parameters are calculated.

If you need controller parameters for both cases (disturbance and control behavior), you have to
make a compromise between the calculated parameters of the disturbance behavior and the control
behavior.

The above examples show that a reasonable control loop behavior can be obtained with the
calculated controller parameters. However, the behavior does not exactly correspond to the
expected behavior as selected in the table.

The fact that the system has not settled exactly aperiodically or with 20% overshoot is also due to the
fact that the control signal has partially reached its limit and the time constants could not be
determined exactly.

But in the examples and tasks shown, the controller parameters proposed by Chien / Hrones /
Reswick were well suited for this control system.
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6 Temperature Control (without/with Time Delay) (Control

Training |)

This process involves a container through which water flows continuously. A level change does not
take place. With the help of an electric heater, the temperature of the water in the container can be
influenced. The technical control task is to control the temperature of the water in the tank by
changing the heating power so that it corresponds to a specified set point. The heating power is the
input variable (actuating variable, control signal), the temperature of the outflowing water is the
output variable (controlled variable) of the system. Fluctuations in the temperature in the input
represent a disturbance variable.

In this chapter the items “3. Temperature control " and "4. Temperature control with time delay ” are
treated together, since the processes are the same systems. The difference is that under 3. the
temperature (controlled variable) is measured in the container while in the other case the
temperature is measured in the pipeline. This (chapter 4.) results in a delayed measurement of the
controlled variable (actual temperature). The temperature in the container is only measured with a
time delay in the pipeline.

Although the two systems are the same apart from the temperature measurement, the systems
behave differently.

6.1 Uncontrolled System (Manual Control)
Select item 3.1 ,,Uncontrolled system®.
Click ,,Start”.

You can change the values for the set point (Set point temperature °C), the control value (Heating
power kW) and the disturbance (Inflow temperature °C) using the slider or by entering values below
the slider.

Task 1.

Set the set point temperature to 40°C and then try to adjust the actual temperature (controlled
variable) in the container to the set point temperature by adjusting the heating power (control
variable).

In this case one speaks of command response. The set point is adjusted and an attempt is made to
adjust the actual value (controlled variable) to the new set point (reference variable).
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(i} Temperature uncontrolled l = | lg
29112021 -
04746 Uncontrolled instantaneous water heater 31
Set point Actual value Control deviation
100 c *©
100 100 T
50 20 20 =
200 °C E
80 80 ;—
0 70 70 E
60 60 E
50 50 E
40 40 E-
30 30 E
20 20
354 kw 397 °C 10 10
o o
00
B D Trend stop kw  fC
r 100
75
Inflow-
temperature
: 50
Heating Tem-
Power perature [ I
—] System  fe— L |
¥ = T 25
H H H s o
Set point temperature °C Heating power kW
Actual temperature *C Inflow temperature 'C 35ali00
Print ‘ | @‘ | ‘ << Back Continue >> ‘ ‘ Overview ‘

Select item 4.1 (Temperature control with time delay, Uncontrolled system) and repeat the
experiment.

[} Temperature uncentrolled Tt El_lg

29112021 . . -
o105 Uncontrolled instantaneous water heater with measuring delay a1
Set point Actual value Control deviation
C °C °C
100 100 100
200 °C a0 20 20
80 B0 60
100 70 70 40
60 60 20
50 50 50 o
40 40 -20
o 30 30 -40
20 20 -60
329 kW Mo
10 10 -80
o o -100
200
e [] Trend stop kw T
— 100
- 75
Inflow- :
temperature :r
z ' :
Heating power Temperature 219 i H i
—W  System —— P : : H d : -
U x 25 4 ; / ; ; ; ; ; ; s
; : : : : : : : : T,
Set point temperature *C Heating power kW
400 Actual temperature °C Inflow temperature °C 329 | 200
Print ‘ | @ | ‘ << Back Continue >> ‘ ‘ Overview ‘
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In the picture below you can see that after the change in heating power, the actual temperature
starts to rise later.

Task 2.

Enter a disturbance. Change inflow temperature to 30°C.

Describe the behavior and try to control the disturbance.

[ Temperature uncontrolled

o] o ]

29.11.2021 .
105543 Uncontrolled instantaneous water heater 31
Set point Actual value Control deviation
200 c “c C
100 100 7 100
50 a0 90 F =0
300'C E
80 80 E s0
e 70 70 E 40
50 50 E- 20
50 50 E o
a0 40 E 20
30 30 E -0
20 20 E 60
162 kW e 10 10 £ a0
0 0 —F_ 100
400
B [] trend stop kw  °c
100 4 ; ~ 100
75
Inflow-
temperature
: 50
Heating Tem-
Power perature >y ——
——|  System -
¥ x 25
i : L : : o °
] Set point temperature 'C Heating power kW
e Actual temperature °C Inflow temperature °C R

<< Back

Continue = H

Overview ‘

[} Temperature uncontrolled Tt

oo ]

29.11.2021

TIEET Uncontrolled instantaneous water heater with measuring delay a1
setpoint  Actual value Control deviation
e c c
100 100 100
300 °C - - -
80 80 60
100 70 70 a0
60 60 20
50 50 50 [
a0 a0 -20
0 30 30 -a0
20 20 -60
179 kw 5 CE
10 10 -80
0 1} -100
200
e [] Trend stop .
100 — :
Inflow-
temperature
z
Heating power Temperature
—@  system |———P
¥ x ‘
; : : : 0
Set point temperature °C Heating power kW
400 Actual temperature *C Inflow temperature *C 179|300
e 7| D el




Due to the increasing inflow temperature, the internal temperature increases and the heating power
must be reduced. If an attempt is made to regulate a disturbance, this is referred to as the

investigation of the disturbance response.

6.2

6.2.1

Go to,,Overview” and select item 3.2 respectively 4.2 ,Closed-loop control system*.

Here you can see how the system behaves in principle if, instead of manual control by user, a

Controlled System

Closed-loop Controlled System

controller takes over the task of adjusting the actual value to the set point.

Task 3.

Click ,,Start” and change set point to 40°C.

[l Temperature controlled = |
i Controlled instantaneous water heater 32
Set point Actual value Control deviation

(9 *C cC

100 100 100

90 a0 80

80 80 60

70 70 40

&0 80 20

50 50 ]

40 40 -20

30 30 -40

20 20 -60

10 10 -80

[+] o -100

40.0 40.1

Set point
temp.

Heating
Power

Controller

Inflow temp.

z

System

Actual
temp.

400

Set point temperature °C

Actual temperature 'C

Heating power kW
inflow temperature °C

0
33.4 | 200

Print H ‘? ‘ | <<Back

e |

QOverview
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[l Temperature contralled Tt = e
29112021 N . .
P — Controlled instantaneous water heater with measuring delay a2
Set point Actual value Control deviation
C C C
100 100 100
90 90 80
80 80 &0
70 70 40
60 60 20
50 50 o
40 40 -20
30 30 -40
20 20 -60
10 10 -80
o 0 -100
40.0 -40 2 -m
kw (o
— 100
Inflow temp.
~ 75
Set point Heating
temp. Power
—p System : : | - so
w t+ L
// -
25+ ~ 25
o L : H : : : : H : 0
Set point temperature °C Heating power kW
400 Actual temperature *C Inflow temperature °C 33.4 200
[ eim [ | [ sk continue>> | [ overview |

With a small overshoot, the actual value reaches the set point after a certain time in both cases. The

examination of the system for a change in the set point (reference variable) is called command
response.

Task 4.
Investigate the disturbance response.

Set the set point to 40°C and wait until the system has settled (the actual temperature has reached
40°C and it no longer changes).

Increase the inflow temperature to 35°C. Observe the system behavior.

[ Temperature controlled = X
29.11.2021 -
e Controlled instantaneous water heater 32
Set point Actual value Control deviation
c c c
100 100 100
90 90 80
80 80 60
70 70 40
60 60 20
50 50 o
40 40 -20
30 30 -40
20 20 -60
10 10 -80
o o -100
200
kW C
— 100
Inflow temp.
2 754 73
Set point Heating Actual
temp. Power temp.
504 ~ 50
» D
25 \ L o325
\—-_
O~ Setpaint ture C Heat w0
point temperature eating power
A0.0) Actual temperature °C Inflow temperature °C 83 | 350
[ eine | F | [ ek Continue>> | [ Overview |
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ey Controlled instantaneous water heater with measuring delay a2
Set point Actual value Control deviation
C C *c
100 100 100
S0 80 80
80 80 60
70 70 40
60 60 20
50 50 0
40 40 -20
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The internal temperature begins to rise. The controller therefore reduces the heating power.
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6.2.2 Closed-loop Control with P Controller
Go to ,,Overview”.

Select item 3.4 respectively 4.4 ,Closed-loop control with P controller”

Click , Start”.

Task 5.

Change the set point temperature (reference variable) to 40°C and wait until the control loop has
settled, i.e. until the actual value no longer changes.

Observe the behavior.

(i Temperature with P <ontroller — i ]
29.11.2021 .
CEsEan Temperature control with P controller 34
Setpoint  Actual value Control deviation
e C c
100 100 100
o 0 20 80
80 g0 50
70 70 40
50 50 20
50 50 - 0
40 40 -20
30 30 -40
20 20 60
209 °C 10 10 -80
0 o -100
400
[] manual control W °C
- 100
Control quality
L T N N e A S R A R A T T
75 - ' ' : : ' ' : : ' = 75
Contr. parameters:
50
Gain 2.0
. o . . . . . ' i i 25
Block structure : : : : : : : : : :
0 = : : : : : : : oo
Set point temperature 'C Heating power kiV
400 Actual temperature °C Inflow temperature °C 18.2 | 200

| Start | Stop | ‘ Analysis || Parameters Print || @' ‘ | << Back Continue >> H Overview |

After the settling phase, it can be clearly seen that the actual value (controlled variable) does not
reach the set point (reference variable). We get a steady-state control error.

The control error e is defined as e = w — x, with

w = reference variable (set point) and x = controlled variable (actual value).
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[l Temperature with P <. Tt = — &3 —|
29112021 0 .
131810 Temperature control with P controller (measuring delay) a4
Set point Actual value Control deviation
°c & '
200 *C 100 100 100
90 S0 80
100 80 80 60
70 70 40
50 &0 60 o 20
50 50 0
o 40 40 -20
30 30 -40
309 °C 20 20 -60
10 10 -80
0 o -100
400

[] Manual centrol kW *C

Control quality
53.8

Contr. parameters

50

Gain [20
' ' | | ' ' ! j 25
905 308] oo rempesoiaert omemprmac [0
| Start | Stop || Analysis ‘ ‘ Parameters | | Ziegler/Nichols | | Print | @ | | << Back Continue >> | | Overview |

The P controller works like an amplifier. The input signal to the controller w - x (set point - actual
value) is amplified with the specified amplification factor (here K = 2). In order for the P-controller to
output a control signal (heating power) that is not equal to zero, the set point and actual value must
be different, i.e. steady-state error.

If the P controller outputs 0, the heating power is switched off.

In the steady-state case, the value of the control signal y can be calculated using the control
difference and the gain.

In the steady-state case, the actual value x (actual temperature) reaches the value 30.9°C at the set
point value w = 40°C.

This results in:

Control signal y =K * (w—-x) =2 * (40 -30,9) = 18,2
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Task 6.

Change the gain of the P controller from 2 to 25 and wait until the control loop has settled again.

(1] Temperature with P controller =g

oo Temperature control with P controller 34
Set point Actual value Control deviation
*C “c
100
20
80
70
60
50
40
30
20
10
o
[400

[] manual centrol W C

Control quality
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Contr. parameters:

Gain 25.0 .
25 ~ 25
Block structure H | |l
o : : I o
Set point temperature *C Heating power kiW
a0, Actual temperature *C Inflow temperature °C 314|200
| Start | Stop | ‘ Analysis | | Parameters | Print | | @ ‘ | =< Back Continue >> ‘ | Overview |

(1] Temperature with P e. Tt e

29.11.2021

BT Temperature control with P controller (measuring delay) aa
Set point Actual value Control deviation
‘c *C “c
100 100 100
[0 [0 80
80 80 50
70 70 40
60 60 20
50 50 0
40 40 -20
30 30 -40
20 20 -60
10 10 -80
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T E [] Trend stop [[] manual control kw  °c
100 : . - — 100
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2764 R
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50 - L so
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o : I o
Set point temperature *C Heating power kW
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| Start | Stop | | Analysis ‘ ‘ Parameters. | | Ziegler/Nichols | | Print | 3 | | <& Back Continue > | | Overview |
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The control difference between the set point and the actual value becomes significantly smaller
when the gain K is increased from 2 to 25. However, the P controller does not manage to adjust the
actual value to the set point here either. For the reason described above, we also get a permanent,
albeit significantly smaller, control error (e = w - x).

A difference in the system behavior with the gain 25 between the temperature control with and
without time delay can be clearly seen.

The control loop with time delay (point 4.4) oscillates more. It is also possible to generate a
continuous oscillation with an even higher gain. This can be used to determine controller parameters
using the Ziegler/Nichols controller setting method. For further information you can click the button
“Ziegler/Nichols” under point 4.4 “Temperature control with P controller (measurement delay)”.

The P controller also reacts to a disturbance (change in the inflow temperature). A steady-state
control error is also obtained for this.

As can be seen from the settling response, the P controller reacts immediately and quickly to changes
in the set point and disturbance values. However, with the P-controller you get a steady-state control
error or the control loop can become unstable.
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6.2.3 Closed-loop Control with I Controller

Go to ,,Overview”

Select item 3.5 and respectively 4.5 ,,Closed-loop control with | controller”.

Click , Start”.

Task 7.

Keep the preset integration time Ti at 10. Examine command response.

Change the set point temperature (reference variable) to 40°C and wait until the control loop has

settled, i.e. until the actual value no longer changes.

(i) Temperature with [ controller

= Xl

29112021

Pty Temperature control with | controller 35
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@ & .
100 100 100
90 a0 80
80 80 60
70 70 40
80 60 20
50 50 o
40 40 -20
30 30 -40
20 20 -60
10 10 -80
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(il Temperature withIc. Tt

= i

P Temperature control with | controller (measuring delay) as
Setpoint  Actualvalue  Control deviation
*C *C *C
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After a long settling phase, the actual value reaches the set point with an overshoot (using the
integration time Ti of 10). You will not receive a steady-state control error.

Task 8.

Investigate the disturbance behavior. Enter a disturbance, change the inflow temperature to 35°C.

How does the control loop behave.

@l Temperature with I controller [E=EE)

29.11.2021

e Temperature control with | controller 35
setpoint  Actual value Control deviation
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[} Temperature withIc. Tt L = él
29.11.2021 . -
Byt Temperature control with | controller (measuring delay) as
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After a long settling phase, the actual value returns to the set point. There is also no steady-state
control error for the disturbance behavior.

Task 9.

Restart the temperature control with the I-controller.

(il Temperature with I contraller = 23]

29112021 .
e Temperature control with | controller 35
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By clicking on "Analysis" you will get the recorded signal curves.

il Temperature with T contraller [= B
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[} Temperature withIc. Tt El_lél

29.11.2021 o q
Py Temperature control with | controller (measuring delay) a5
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By clicking on "Analysis" you will get the recorded signal curves.
(i Temperature withIc. Tt [= = |
1} Measurement temperature == b
TITseNT T i Set point temperature in container 0.000 100.000 °C —
TT Temperature in container 0.000 100.000 °C
T_Pel Electrical power of heater 0.000 100.000 kw
T TetaA Inflow temperature to container 0.000 100.000 °C
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40.000 —-
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f < . o
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‘ Start I Stop | ‘ Analysis | | Parameters ‘ ‘ Print | | ?‘ | ‘ << Back Continue »» ‘ | Overview —|

The control loop for temperature control with/without measurement delay becomes unstable. The
actual value oscillates continuously around the set point.
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In general:

Info:

If there is an | component (integrator) in the controller, the controller either manages to adjust
the actual value to the set point after a settling phase or the control loop becomes unstable.

This is explained by the behavior of the integrator:

If the value of the input signal to an integrator is positive, the value of the output signal (control
signal) increases. If the input signal is equal to zero, the integrator retains its output value (the value
remains constant). If the input value is negative, the output value of the integrator decreases
continuously.

In order for a control loop to settle to a value, the control signal (output of the controller) must be
constant. The output value of an integrator is only constant when the input value of the integrator is
equal to zero, i.e. when the set point and actual value are the same.
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6.2.4 Closed-loop Control with Pl Controller

Go to,,Overview” and select item 3.6 respectively 4.6 ,Closed-loop control with Pl controller”. Click
,Start”.

Task 10.

Set the parameters to K = 2, Ti = 10. Examine the command response

Change the set point from 20°C to 40°C.

1} Temperature with Pl controller e )
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The control loop with the Pl controller and the set parameters oscillates to the set point with a small
overshoot. The actual value (controlled variable) reaches the set point (reference variable).

Task 11.

Investigate the disturbance response.

Let the control loop settle to the set point 40°C with the parameters K=2 and Ti = 10.

When the control loop has settled, change the inflow temperature to 35°C and observe the behavior.

(i} Temperature with PI controller
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The higher inflow temperature causes the actual temperature in the container to rise. The controller
tries to counteract this and reduces the heating power. After a settling phase, the actual value
reaches the set point again.

Task 12.

The number in the box labeled "Control quality" indicates a value about the quality of the steady
control loop. The smaller the number, the faster the control loop has settled, when the actual value
has reached the set point.

Try to reduce the value for the control quality by adjusting the controller parameters.

With the controller parameters K = 2 and Ti = 10, a control quality of 22.5 respectively 23.7
(temperature control with time delay) was achieved with a set point step from 20°C to 40°C.

In order for the control quality to be comparable, all tests must be started with the same initial
states. The best way to do this is to click “Stop” and then “Start” again. This means that the set point
temperature (reference variable), inflow temperature (disturbance variable) and actual temperature
(controlled variable) are restored to their initial values.

Now change the controller parameters and then adjust the set point to 40°C. Wait until the control
loop has settled.

il Temperature with Pl controller = i S|
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With the parameters gain K = 20 and reset time Ti = 25, a control quality of 12.9 is obtained, for
example.
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With these parameters you get a control quality of over 15 for the temperature control with
measuring delay and a very restless settling with many overshoots.

[ il Temperature with PLc. Tt = =25
29.11.2021 . -
e Temperature control with Pl controller (measuring delay) a5
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‘ Start | Stop | ‘ Analysis || Parameters ‘ Print || @ | ‘ << Back Continue >> H Overview |

Carry out the experiments with further controller parameters:

e C(lick ,Stop“ and ,Start”

e Set controller parameters

e Set the set point to 40°C

e  Wait until the control loop has settled

Info:

Since the PI controller has an | component (integrator), it also applies here that the controller

adjusts the actual value to the set point after a settling phase or that the control loop becomes
unstable.

This is explained by the behavior of the integrator:

If the input value to an integrator is positive, the value of the output signal (control signal) increases.
If the input signal is zero, the integrator retains its output value (the value remains constant). If the
input value is negative, the output value of the integrator decreases.

In order for a control loop to settle to a value, the control signal must be constant (output of the
controller). The output value of an integrator is only constant when the input value of the integrator
is equal to zero, i.e. when the set point and actual value are the same.
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Try to find controller parameters with which the actual value reaches the set point without
overshooting. In this case one speaks of an aperiodic case (without overshoot).

Go back to the initial state, adjust the parameters and then change set point to 40°C.

(@} Temperature with PI controller
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With the parameters K =4 and Ti = 20, for example, an aperiodic behavior is obtained for both
temperature controls.
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Task 14.

Restart the temperature control with the Pl controller.

Try to set the controller parameters so that the control loop becomes unstable.

Enter a set point step from 20°C to 40°C in each case.

[l Temperature with PI contraller = )
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You can achieve this with the controller parameters:

Gain K =5 and reset time Ti = 1s.
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Even with temperature control with time delay, you will get an unstable behavior with these

parameters.
@ Temperature with Pl c. Tt [E=R IR
29112021 . .
P Temperature control with Pl controller (measuring delay) 45
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By clicking "Analysis" you have the option of looking at the stored signal curves and examining the
settling behavior.

129



Ingenieurbiiro

Dr.-Ing. Schoop

Task 15.

In the above task, the control behavior was investigated with the parameters gain K =5 and the reset
time Ti=1s.

Now examine the disturbance behavior with these parameters.

Let the control loop settle stably to the set point of 40°C. Then change the parameters to gain K=5
and reset time Ti = 1. Enter a fault step from 20°C to 35°C.

i [ Temperature with PIc. Tt =) S
29112021 . .
TEET) Temperature control with Pl controller (measuring delay) 5
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400 \ : fl © [2a5]s50
‘ Start I Stop | ‘ Analysis || Parameters Print || @' | ‘ << Back Continue >> H Overview |

The control loop with these parameters also becomes unstable for the disturbance response.

As a conclusion it can be said:

e With the Pl controller and appropriately well set controller parameters, the control loop can
be regulated quickly and easily. The actual value reaches the set point and remains at the set
point.

e This applies to the command response as well as to the disturbance response.

e If the parameters are set incorrectly, the control loop can also become unstable.
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6.2.5 Closed-loop Control with PID Controller:

Go to,,Overview” and select item 3.7 respectively 4.7 ,,Closed-loop control with PID controller”. Click
,Start”.

Task 16.

Investigate the control behavior with the preset parameters: Gain K = 2, reset time Ti = 10, derivative
time (rate time) Td =1

Change the set point to 40°C.

1} Temperature with PID controller [E= )
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The control loop goes into a stable state with a small overshoot. The actual value reaches the set
point.

As can be seen in the trend diagram, the sudden change in the set point causes a peak in the control
signal (heating power). This peak is triggered by the D component of the controller. The derivation of
a sudden change causes an (infinitely) large value.

The control quality reaches 22.8 respectively 24.4 and is therefore similar to the Pl controller with
the parameters K =2 and Ti = 10.

Note on the trend display with the PID controller:

In the trend display it can happen that the peak is not shown. You can, however, see that the peak is
present via "Analysis" (display of the stored signal values) and selection of a corresponding time
range.

Task 17.
Investigate the disturbance behavior with the preset parameters:
Gain K = 2, reset time Ti = 10, derivative time (rate time) Td =1

Let the system settle to the set point temperature of 40°C (the actual temperature reaches 40°C and
does not change any more) and change the inflow temperature from 20°C to 35°C
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Contr. parameters,

[l Temperature with PID ¢, Tt = [ S
s Temperature control with PID controller (measuring delay) 47
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In the event of a disturbance response, too, the control loop is controlled with the specified
controller parameters and the actual temperature (controlled variable) reaches the set point
temperature (reference variable) again after a period of time.

Task 18.
Try to improve the control quality by adjusting the controller parameters.

So that you can compare the experiments, you must always start from the same initial states.
Therefore click “Stop” and “Start” again, change the controller parameters and then adjust the set
point to 40°C.
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.
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With the controller parameters K =5, Ti = 15 and Td = 2 you get e.g. a control quality of 13.5
respectively 15.5.

The experiments that were carried out with the Pl controller can also be carried out with the PID
controller (unstable behavior, aperiodic behavior, etc.).

Info:

In practice, the Pl controller is most common. If a PID controller is used, the D component is often
turned off so that the controller only works as a Pl controller.

One of the reasons for this is that the D behavior in a control loop is difficult to assess. In

principle, the D component gives you the option of making the control faster (which is often very
difficult, however).

The D component considers the change between the set point and the actual value. If the change
increases, i.e. the difference between the set point and actual value increases, the D component
adds a calculated value to the control signal. If the difference between the set point and the
actual value decreases, the D component subtracts a calculated value from the control signal. In
principle, the D component takes into account the trend, whether the difference between the set
point and actual value is increasing or decreasing. If the difference increases, the D component
amplifies the control signal; if the difference between the set point and actual value decreases,
the control signal is reduced.
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6.2.6 Closed-loop Control with two-pos. Controller

Go to,,Overview” and select item 3.8 respectively 4.8 ,Closed-loop control with two-pos. controller”.
Click , Start”.

Task 19.

Set the hysteresis to 5. Change the set point to 40°C and observe the behavior.
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The actual temperature (controlled variable) fluctuates around the set point. The amplitude of the
oscillation depends on the parameter (hysteresis).
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6.3 Examine Controlled System
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Select point 3.3 respectively 4.3 "Examine controlled system".

Task 20.

Increase the heating power by 10% each time and wait each time until the actual temperature no

longer changes.

Observe the temperature behavior.

Dr.-Ing. Schoop

1] Temperature system

J Measurement tem perature

CToTSoll 7! Set point temperature in container
______________________________ Temperature in container
Electrical power of heater

Inflow temperature to container

T Pel
T_Tetah

Measurement No. 1 (Standardmessung, 1°0.050 s)

Start measurement: Mo 29.11.2021 16:48:23
100.000 —
90.000 -
80.000 —

70.000 -

60.000 —

0.000
0.000
0.000
0.000

100.000 °C
100.000 °C
100.000 KW
100.000 °C

Storage time: 1°0.050 s
End: Mo 29.11.2021 16:59:17

50.000 -

40.000 —

30.000 -

20.000

10.000

0.000 ; i ; ;
Mo 29.11.2021 16:48:23.000

l 1

dt: 00:09:14

T 1
Mo 29.11.2021 16:57:37.000

¢

A | ke e | b [0 [ Lol |2 |80 40| S|

Close

Ll

Start | Stop

Print H L? | | << Back Overview

Continue = | |

-

As can be seen from the recorded data, the behavior of the system during the steps is similar. The
actual temperature always changes by approx. 6°C when the heating power changes by 10%. This
does not always have to be the case with a controlled system.

With many controlled systems, the behavior depends on the operating point. This means that the
controls will behave differently in different operating points with the same controller and the same

controller parameters.
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The temperature system with and without time delay is a controlled system with self-regulation.

6.4 Controller Tuning Rules

In the event of a sudden change in the actuating variable (control signal), a controlled system with
self-regulation oscillates to a constant value after a finite time, while with a controlled system
without self-regulation, the controlled variable (actual value) continues to rise.

The behavior of the temperature in the container is a controlled system with self-regulation, since
when the heating power is suddenly adjusted, the temperature returns to a fixed value after a
certain time (inflow temperature remain constant), as was shown under point 6.3.

The method according to Chien/Hrones/Reswick is to be used as a controller tuning procedure for
controlled system with self-regulation.

A controlled system with self-regulation has roughly the following behavior in response to a step in
the control signal (sudden change in the control signal by 1):

LAY A

F 3
v
F 3
v

Tu Tg

In the new standard, the delay time is designated with Te, the compensation time with Tb and the
turning point with P.

Since the terms Tu and Tg are still used in most of the literature, we keep the old terms here, or use
both.

The parameters Ks, Tg and Tu can be determined from this step response, as shown in the figure
above. The controlled system’s gain Ks (final value of the actual variable) results from the abrupt
change in the control signal by 1. If the amount of change is greater, you have to divide the resulting
system’s gain value by the amount the control step value in order to obtain Ks.

It means:
Te =Tu = Delay time
Tb = Tg = Compensation time

Ks = Gain
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With the help of these three parameters, the controller parameters can then be determined from
the setting table according to Chien / Hrones / Reswick:

Table 4: Equations to calculate controller parameters according to Chien/Hrones/Reswick

Quality criteria
Controller With 20 % Overshoot Aperiodic case
Disturbance Command Disturbance Command
07 T 07 T 03 T 03 T
=) Kp~— -2 Kp~— -2 Kp~— -2 Kp~—- -2
KS TU KS TU KS TU KS TU
07 T 06 T 06 T 035 T
sz_._g sz—._g sz_,_g sz—._g
Pl Ks Ty Ks Ty Ks Ty K¢ Ty
T, ~23-Ty T,~T, T,~4 Ty T,~12-T,
1.2 T 095 T 095 T 06 T
sz_'_g sz_'_g sz_._g sz—-—g
Ks Ty Ks Ty Ks Ty Ks Ty
PID
T,~2-Ty T, ~135-Ty T, ~24-Ty T, =T,
T, ~042-T, T, ~ 047 -T, |TV~042-Ty, T, ~ 05T,
T
For systems without self-regulation use g instead of .
(KsTy ) (Kis'Ty )

The table was taken from: E. Samal, Grundriss der praktischen Regelungstechnik, Oldenbourg

Task 21.

For temperature control select item 3.3 respectively 4.3 ,,Examine controlled system*.
Click ,,Start”. Enter a step of the heating power from 0% to 10%.

All signal curves are saved and can be measured and evaluated using "Analysis".

Determine the parameters Ks, Te (Tu) and Tb (Tg) from the stored signal curves.

By clicking on the "Analysis" button, you will get the measurement curves. With the help of the
button bar in the window, time and value segments can be selected (Zooming).

JE IS TEN AR A ENNEY
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Try to find the area of interest for the evaluation with the step
the actual temperature.

For example, you can then print out the diagram and measure the curves using a ruler to determine

in heating power and the settling of

Te and Th.
(i Temperature system = S|
] Measurement temperature | bg | b
T_TSoll Set point temperature in container 0.000 27.000 °C —
Fi 2 i Temperature in container 19.000 27.000 °C
T Pel Electrical power of heater 0.000 12.000 KW
T _TetaA Inflow temperature to container 19.000 27.000 °C
Measurement No. 1 (Standardmessung, 1*0.050 s) Storage time: 1%0.050 s
Start measurement: Di 30.11.2021 10:31:20 End: Di 3
27.000 — ;

0.11.2021 10:34:49

20.600 —

19.800 -

19.000

Di 30.11.2021 10:31:20.000 dt 00:00:53.150

€| 1

1
Di 30.11.2021 10:32:13.150

b
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o
JE AN A N e |
Start Stop | Print || G | | << Back Continue > || Overview —|
Figure 27: Signal curve for temperature system without time delay
il Temperature system Tt = S|
] Measurement temperature | £ | e
T_Tsoll Set point temperature in container 0.000 27.000 °C —
"’} Temperature in container 19.000 27.000 °C
Electrical power of heater 0.000 12.000 KW
T_TetaA Inflow temperature to container 18.000 27.000 °C
Measurement No. 1 (Standardmessung, 1°0.050 s) Storage time: 1°0.050 s
Start measurement: Di 30.11.2021 10:37:45 End: Di 30.11.2021 10:40:27
27.000 — T ;
26.200 -
25.400 —
24,800 -
23.800 —
23.000 +
22,200 —
21.400 +
20.800 —
19.800 1 ; ; :
19.000 ; ; ; 1
Di 30.11.2021 10:37:45.000 dt: 00:01:12 Di 30.11.2021 10:38:57.000 I
€| n »
o . . o
e A A ame ][
Start Stop | Print || G ‘ | << Back Continue »» || Overview —|

Figure 28: Signal curve for temperature system with time delay

139



Ingenieurbiiro
/ Dr.-Ing. Schoop
It is also possible to measure the values in the diagram. To do this, click on the blue signal "T_T" in
the header (Temperature in container). Click on the blue curve to get the associated measured value

and time. By drag and drop, the time and value difference as well as the slope are indicated. With
this you can try to determine the derivation of the blue curve at the turning point.

For both temperature sections (with and without time delay), the gradient of the tangents at the
turning point can be read from the curves shown above. Both have approximately the derivation
dx/dt = 0.355°C/s.

After the sudden change in the heating power from 0% to 10%, the temperature in the container
goes from 20°C to 26°C after the settling phase.

This enables the compensation time Tg to be calculated:

dx/dt = (End value — Start value) / Tg, i.e.

Tg = (End value — Start value) / (dx/dt)

Tg =(26°C—-20°C) /0,35°C/s =17,14s

Ks results from:

Ks = (End value — Start value) / Step height(Heating power)
=(26°C—-20°C) / 10% = 0,6°C/%

The delay time Tu for the system without time delay can be measured and is approximately 1,3s.
So: Te=Tu=1,3s Tb=Tg=17,14s Ks=0,6
The delay time Tu for the system with time delay can be measured and is approximately 2,3s.

So: Te=Tu=2,3s Tb=Tg=17,14s Ks =0,6

In the diagram below, a step in heating power from 0% to 40% was specified for the temperature
system with time delay. The temperature in the container then reached approximately the end value
of 44°C.

The tangent at the turning point is approximately 1.4°C/s. If you put these values in the calculation
above, you get similar values for Tg and Ks. Tu can be measured to Tu = 2.3s
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\if Measurement temperature

21.000

15.000

<

39.000 —

36.000 -

33.000 —

30.000 -

27.000 —

24.000 -

Set point temperature in container

Electrical power of heater
Inflow temperature to container

Measurement No. 1 (Standardmessung, 1°0.050 s)
Start measurement: Di 30.11.2021 10:58:00

0.000 100.000 °C
15.000 45.000 °C
0.000 50.000 kw
15.000 45.000 °C

Storage time: 1°0.050 s
End: Di 30.11.2021 11:00:22

18.000 -

Di 20.11.2021 10:58:00.000

m

dt: 00:01:02

i
Di 30.11.2021 10:59:02.000 n

b

o8| ke | b | o bl 5 (90| 9

Close

Start Stop

[ Print T

[ T <<Back [ Continue> ]

o
Overview —|

Figure 29: Temperature system with time delay and step in heating power from 0% to 40%

For the path without time delay, the following controller parameters for the Pl controller result from

the table:

Pl controller
Command response with 20% overshoot

K=0,6*Tb / (Ks*Te)

Tn=Tb

Command response aperiodic
K=0,35*Tb / (Ks*Te)

Th=1,2*Tb

13,18
17,14

7,69
20,57

Disturbance response with 20% overshoot
K=0,7*Tb / (Ks*Te)
Th=2,3*Te

15,38
2,99

Disturbance response aperiodic
K=0,6*Tb/ (Ks*Te)
Tn=4*Te

13,18
5,20
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In order not to reach the limit, a step from 25°C to 30°C was specified, after which the controlled
variable had settled to 25°C.

[} Temperature with PI contraller L = | \Q
30.11.2021 -
11008 Temperature control with Pl controller 36
Set point Actual value Control deviation
5B ‘c
100 100 B
200 °C 0 %0
820 80
70 70
60 60
50 50
40 40
30 30
20 20
300 °C 10 10
o o
300
[] Manual centrol KW °C
T T — 100
Contral quality
05
~ 75
Contr. parameters
- 50
Gain 132
Reset time. 171 : : : : H H H :
: I I : i : : : : - =
: : : : : "
—\/ T
o- : H H H . : : : : Lo
Set point temperature °C Heating power kW
300 Actual temperature 'C Inflow temperature *C 168 | 200
| Start | Stop ‘ | Analysis | | Parameters ‘ | Print | | @' ‘ | << Back Continue >> | | Overview |

Figure 30: Command response with 20% overshoot

A
(il Temperature with PI contraller EI_IQ

if;;i;m Temperature control with Pl controller 36

Set point Actual value Control deviation
c c 5

|1.D |

Block structure H | | | | H H H H |
o- : : : : : : 5}

Set point temperature *C Heating power kW

kw  ‘c

Contrel quality
06

Contr. parameters:

Gain [77
Reset fime 206

300 [209] Actual temperature °C Inflow temperature °C 167 | 200
| Start | Stop ‘ ‘ Analysis H Parameters ‘ ‘ Print || @' | | <<Back Continue >> || Overview ‘

Figure 31: Command response aperiodic
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In the following, the system had settled to 30°C and a disturbance was specified by the inflow
temperature from 20°C to 25°C.

@ Temperature with Pl controller [E=RE

30.11.2021

Trsam2 Temperature control with Pl controller 36
Setpoint  Actual value Control deviation
ks 'c c
100 100 e 100
250 °C el =T é_ S0
80 80 = 60
70 70 E a0
60 60 E 20
50 50 E o
a0 a0 E -0
30 30 E -0
20 20 E— -60
300 °C 10 10 E &0
0 o — — -100
300

[] manual control

Contrel quality
0o

Contr. parameters

Gain [154
Reset time [50

Block structure
o4

Set point temperature °C Heating power kW

300 Actual temperature *C Inflow temperature °C 86 |25.0
| Start | Stop | | Analysis | ‘ Parameters. | | Print ‘ | @ | | << Back Continue > | | Overview |

Figure 32: Disturbance response with 20% overshoot

@ Temperature with Pl controller [E=RE

30.11.2021

g Temperature control with Pl controller 356
Setpoint  Actual value Control deviation
c @ G
100 100 e 100
300 °C £y sr E 80
80 30 E s0
70 70 E a0
60 60 E 20
50 50 E o
a0 a0 E -0
30 30 E- -ac
20 20 E -50
T 10 10 = w0
0 0 “IE 100
35.0

[] manual control kW

Contrel quality
01

Contr. parameters

Gain 13.2
Reset time 5.2 ‘
Block structure i b i : : @ ’
Set point temperature *C Heating power W
350 Actual temperature °C Inflow temperature °C 8.3 |300
| Start | Stop | | Analysis | ‘ Parameters. | | Print ‘ | @ | | << Back Continue > | | Overview |

Figure 33: Disturbance response aperiodic
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In the following, the system had settled to 35°C and a disturbance was specified by the inflow
temperature from 20°C to 30°C.

For the system with time delay, the following controller parameters for the Pl controller result from
the table:

Pl controller

Command response with 20% overshoot

K=0,6*Tb / (Ks*Te) 7,45
Tn=Tb 17,14

Command response aperiodic
K =0,35*Tb / (Ks*Te) 4,35
Tn=12*Tb 20,57

Disturbance response with 20% overshoot
K=0,7*Tb / (Ks*Te) 8,69
Th=2,3*Te 5,29

Disturbance response aperiodic
K=0,6*Th / (Ks*Te) 7,45
Th=4*Te 9,20

In order not to reach the limit, a step from 25°C to 30°C was specified after the controlled variable
had settled to 25°C.

i) Temperature with Plc. Tt = [t
30.11.2021 - -
PR Temperature control with PI controller (measuring delay) 45
Setpoint  Actual value Control deviation
c c c
200°C 100 100 100
a0 90 80
o 80 30 50
70 70 40
0 50 60 20
50 50 o
" a0 40 20
0 0 -40
300 °C 20 20 60
10 10 -80
0 0 -100
[300°
[ manual control kw  fC
T T 0 — 100
Control quality !
07 I R R R e
| ~ 75
Contr. parameters s SRR e S s e S s SRR :
50 ; : : ; ; : : ; : e
Gain A I "\ ______ [ R S L I L R ;
Reset time 171 ; : i ; : : ; : ;
»-e — T I
— — =
Set point temperature *C Heating power kW
300 Actual temperature *C Inflow temperature *C 16.7 | 200
| Start | Stop | | Analysis | ‘ Parameters | | Print ‘ | @' | | << Back Continue >> | | Overview |

Figure 34: Command response with 20% overshoot
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[ Temperature with Plc. Tt { = g
30.11.2021 o q
e Temperature control with Pl controller (measuring delay) 45
Setpoint  Actual value Control deviation
°c el @
200 °C 100 100 e 100
90 90 F a0
100 80 80 E 60
70 70 E 20
=1 60 50 o
50 50 E o
a 40 a0 E 20
30 30 E a0
299 °C 20 20 i— -60
10 10 E -0
0 0 = 1E 100
300
CoC [ trend stop [] manual control kW °C
100 — : : ; o~ 100
Control quality
10
75
Contr. parameters:
50
Gain 4.3
Reset time 206
25
Set point temperature *C Heating power kw
300 Actual temperature *C Inflow temperature °C 16.6 | 20.0
| Start | Stop | | Analysis | ‘ Parameters | | Print ‘ | @' | | << Back Continue >> | | Overview |

Figure 35: Command response aperiodic

In order not to reach the limitation, a disturbance from 20°C to 25°C was specified for the inflow

temperature.
[l Temperature with Plc. Tt = ﬂ
30.11.2021 o .
P, Temperature control with Pl controller (measuring delay) a5
Setpoint  Actual value Control deviation
c % SE
250 °C 100 100 e 100
20 90 E a0
o 80 80 E o
70 70 E a0
- 50 50 = o
50 50 E o
. a0 a0 = o
30 30 E- -ac
300 °C 20 20 E- -60
10 10 E &0
0 0 ~1E_ 100
300
c °c [ Trend stop [] manual control kw o c
100 - ; : - 100
Control quality
0o
Contr. parameters:
Gain 37
Reset time 53
-
Set point temperature °C Heating power kW
300 Actual temperature °C Inflow temperature °C 8.3 [250
| Start | stop | | Analysis | ‘ Parameters | | Print ‘ | B | | << Back Continue »> | | Overview |

Figure 36: Disturbance response with 20% overshoot
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In the following, the system had settled at 35°C. and a step in the inflow temperature from 25°C. to
30°C. was entered.

[ Temperature with Plc. Tt = et S
30.11.2021 - .
Py Temperature control with Pl controller (measuring delay) 5
Setpoint  Actual value Control deviation
°C °c C
300 *C 100 100 100
90 90 80
100 80 30 60
70 70 40
s0 60 60 20
50 50 o
o 40 40 -20
30 30 -40
350 °C 20 20 -60
10 10 -80
o o -100
35.0

[ manual control kw

Control quality
01

75

Contr. parameters:
50

Gain 75
Reset time 52 -
i 25
Block structure | ; | | o, ’
Set point temperature °C Heating power kW
350 [350] Actual temperature °C Inflow temperature *C 83 |300
‘ Start | Stop ‘ | Analysis ‘ ‘ Parameters | | Print ‘ | G ‘ ‘ << Back Continue > ‘ ‘ Overview |

Figure 37: Disturbance response aperiodic

For the system with time delay, the following parameters result for the PID controller according to
the table:

PID controller

Command response with 20% overshoot

K =0,95*Tb / (Ks*Te) 11,80
Tn=1,35*Tb 23,14
Td=0,47 *Te 1,08

Command response aperiodic

K =0,6*Tb / (Ks*Te) 7,45
Th=Tb 17,14
Td=0,5*Te 1,15

Disturbance response with 20% overshoot

K=1,2*Tb / (Ks*Te) 14,90
Thn=2*Te 4,60
Td=0,42 * Te 0,97

Disturbance response aperiodic

K =0,95*Tb / (Ks*Te) 11,80
Tn=2,4*Te 5,52
Td=0,42 * Te 0,97
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In order not to reach the limit, a step from 25°C to 30°C was carried out after the controlled variable

had settled to 25°C.

i} Temperature with PID c. Tt SR
30112021 . .
eemem Temperature control with PID controller (measuring delay) 47
Set point Actual value Control deviation
c C C
200 °C 100 100 100
90 90 80
100 80 80 60
70 70 40
50 60 60 20
50 50 o
0 40 40 -20
30 30 -40
300 °C 20 20 -80
10 10 -80
0 0 -100
[300°
[] Manual control kw
T 0 — 100
Control quality
06
75
Contr. parameters } b
: : 50
Gain F T e B e R A S T PR R T T N A
Reset time 231 »> D ; H
Rate t ' ' 25
ate time 1.1 \/ ..........
Set point temperature 'C Heating power kW
2000 Actual temperature °C Inflow temperature 'C 167 | 200
‘ Start | Stop | | Analysis | ‘ Parameters | | Print | ‘ ? ‘ | << Back Continue »» | ‘ Overview ‘

Figure 38: Command response with 20% overshoot

In order not to reach the limit, a step from 30°C to 35°C was carried out after the controlled variable

had settled to 30°C.

[l Temperature with PID c. Tt

(=] i)

30.11.2021 q A
159690 Temperature control with PID controller (measuring delay) a7
Setpoint  Actual value Control deviation

c < <

200°C 100 100 e 100

90 90 E 80

a7 80 80 £ e0

70 70 E a0

= 50 50 E oo

50 50 E o

5 40 40 e 0

20 30 E- -0

350 °C 20 20 E -60

10 10 E -s0

0 0 =~ 1F_ 100

[350
[] manual control &
Control quality
07
Contr. parameters:
Gain 75
Reset time 171
Rate time 11
Set point temperature °C Heating power kW
350 Actual temperature °C Inflow temperature °C 251 | 200
| Start | Stop ‘ ‘ Analysis | | Parameters | ‘ Print ‘ ‘ @ ‘ | << Back Continue >» ‘ ‘ Overview |

Figure 39: Command response aperiodic
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The system then settled at 35°C. A disturbance was specified by changing the inflow temperature
from 20°C to 30°C.

@ Temperature with PID ¢ Tt = i3
30.11.2021 . -
153006 Temperature control with PID controller (measuring delay) a7
Setpoint  Actual value Control deviation
ks 'c c
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100 80 80 E— 60
70 70 ;— 40
- ) 60 = o
50 50 ;— 0
0 40 40 ;— -20
30 30 E -40
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10 10 E &0
0 o = 1E 100
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: : : — 100
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00 T T T T T T PO M T T
75 4 | ~ 75
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Reset time 4.6 -
: I 2s
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Set point temperature °C Heating power kW
350 Actual temperature °C Inflow temperature *C 84 | 300
| Start | Stop | | Analysis | ‘ Parameters. | | Print ‘ | @ | | << Back Continue > | | Overview |

Figure 40: Disturbance response with 20% overshoot

In the following picture the system had settled at 35°C. A disturbance was specified by changing the
inflow temperature from 20°C to 30°C.

i Temperature with PID . Tt L = él
30.11.2021 a q
o Temperature control with PID controller (measuring delay) a7
Setpoint  Actual value Control deviation
°c & c
300 °C 100 100 e 100
90 90 E =0
T 80 20 £ e
70 70 E a0
0 50 80 E oo
50 50 E o
@ 40 40 =
20 20 E- a0
350 °C 20 20 F -s0
10 10 E -0
0 o ~1E_ 100
[s50
D Manuzl control kW C
: ; : ~ 100
Control quality 3
01 T S T S T TS U A TV
75 | ; I 7s
Contr. parameters:
50
Gain 118
Reset time 55 ‘
; i 25
Rate time 10 :
Set point temperature 'C Heating power kW
350 Actual temperature °C Inflow temperature °C 84 |300
| Start | Stop | | Analysis | ‘ Parameters | | Print ‘ | | | << Back Continue = | | Overview |

Figure 41: Disturbance response aperiodic
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Since the parameters differ significantly depending on the application, the user must decide which

type of control is important for his control loop (disturbance or command control behavior, with or
without overshoot).

The user may have to compromise between the controller parameters.

6.5 Assessment of the Controller Tuning Rules

Controller tuning rules are empirically determined methods that are often suitable for calculating
good controller parameters by rule of thumb.

The settings for calculating controller parameters distinguish between disturbance and command
response. Different controller parameters are calculated.

If you need controller parameters for both cases (disturbance and control behavior), you have to
make a compromise between the calculated parameters of the disturbance behavior and the control
behavior.

The above examples show that a reasonable control loop behavior can be obtained with the
calculated controller parameters. However, the behavior does not exactly correspond to the
expected behavior as selected in the table.

The fact that the system has not settled exactly aperiodically or with 20% overshoot is also due to the
fact that the control signal has partially reached its limit and the time constants could not be
determined exactly.

But the examples and tasks shown for this control system show that the controller parameters
proposed by Chien/Hrones/Reswick are suitable for sensible control.
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7 Mixing Container Cascade (Control Training I)

The system structure essentially consists of three stirred tanks, each with an inlet and an outlet. The
outflow of the first boiler is connected to the inflow of the second, the outflow of the second boiler
to the inflow of the third. In this simulation example, a salt solution is mixed with water. A mixture of
a stream of water and a stream of salt solution flows to the first tank. The flow rates of these streams
can be varied separately from one another via valves.

The control task is to control the salt concentration of the third tank so that it corresponds to a
specified set point (reference value). The flow rate of the salt solution is regarded as the input
variable (actuating variable, control signal), the salt concentration of the liquid flowing out of the
third tank is the output variable (controlled variable) of the system.

Fluctuations in the flow rate of the incoming water flow as well as changes in the salt concentration
of the salt solution represent disturbance variables.

7.1 Uncontrolled System (Manual Control)
In control Training | select item 5.1 ,,Uncontrolled system®.
Click ,,Start”.

You can change the values for the set point (set point concentration g/l), the control value (salt inlet
I/s) and the disturbance (salt content g/lI) using the slider or by entering values below the slider.

Task 1.

Adjust the set point concentration (reference variable) to 5g/1 and then try to adjust the salt
concentration (controlled variable) in the third container to the set point concentration by adjusting
the salt inlet (actuating variable).

In this case one speaks of command response. The set point is adjusted and an attempt is made to
adjust the actual value (controlled variable, salt concentration) to the new set point (set point
concentration).
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[} mixing container uncontrolled l = | lﬂ_hj
30.11.2021 . .
P Uncontrolled mixing container cascade 51
5.0 If: Set point Actual value Control deviation
K s
@ ‘Water pressure variation gl g/l g/l
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Since the system is a very slow process, it is very difficult to adjust the control loop to the new set

point.

Task 2.

Specify a disturbance. Change the salt content to 32g/I. Describe the behavior and try to correct the

disturbance.
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The increased salt content increases the salt concentration. The inflow of salt must therefore be
reduced. In this case one speaks of disturbance response, since an attempt is made to correct a

disturbance.

7.2

7.2.1

Controlled System

Closed-loop Controlled System

Go to ,Overview” and select item 5.2 ,,Closed-loop control system*.

Here you can see how the system behaves in principle if, instead of manual control, a controller takes

on the task of adjusting the actual value to the set point.

Task 3.

Click ,Start” and set the set point to 4g/I.

Ingenieurbiiro
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With a small overshoot, the actual value reaches the set point after a long period of time.

This is referred to as the command response, since the control reacts to a change in the set point

(reference variable).
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Task 4.
Investigate the disturbance behavior.

Set the set point to 4g/l and wait until the system has settled (the salt concentration has reached 4g/|
and it no longer changes).

Change the salt content in the inflow to 32g/I.

Observe the system behavior.
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The salt concentration begins to increase.
Therefore the controller reduces the salt inlet.

Here, too, it can be seen that the process reacts very slowly and the change in salt concentration
occurs very slowly.
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7.2.2 Closed-loop Control with P Controller
Go to,,Overview” and select item 5.4 ,Closed-loop control with P controller”.

Click , Start”.

Task 5.

Change the set point concentration (reference variable) to 4g/l and wait until the control loop has
settled, i.e. until the actual value no longer changes.
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The control loop begins to oscillate. After a long settling phase, it has settled and the actual value
(controlled variable, salt concentration) no longer changes. The actual value (controlled variable)
does not reach the set point (reference variable). We get a steady-state control error.

The control error e is defined as e = w — x, with

w = reference variable (set point) and x = controlled variable (actual value).
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@ Mixing Container with P controller = |
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If the gain of the P-controller is set to 1, the control loop begins to oscillate less when the set point
changes, but it also retains a steady-state control error.

If you change the gain to 3, the control loop becomes unstable and begins to oscillate.
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The P controller works like an amplifier. The input signal to the controller w - x (set point - actual
value) is amplified with the specified amplification factor (in our case 2). In order for the P-controller

to output a control signal that is not equal to zero, the set point and actual value must be different,
i.e. steady-state control error.
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7.2.3 Closed-loop Control with | Controller:

Go to,,Overview” and select item 5.5 ,,Closed-loop control with | controller”.
Click , Start”.

Task 6.

Keep the set reset time Ti at 20. Investigate the command response.

Change the set point concentration (reference variable) to 4g/l and wait until the control loop has
settled, i.e. until the actual value no longer changes.
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The control loop reacts very slowly and begins to oscillate. It becomes unstable and oscillates
continuously.

By clicking on "Analysis" you will get the recorded signal curves. The upswing can be clearly seen
here.

The I-controller cannot be used for disturbance behavior either.

7.2.4 Closed-loop Control with Pl Controller
Go to ,Overview” and select item 5.6 ,,Closed-loop control with PI controller”.

Click ,Start”.

Task 7.
Keep the set parameters: K=1, Ti=50
Examine command response.

Change the set point concentration (reference variable, target concentration) from 3g/l to 4g/I.
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The control loop with the Pl controller and the set parameters oscillates to the set point with a small
overshoot. The actual value (controlled variable, salt concentration) reaches the set point (reference
variable).
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Task 8.
Investigate the disturbance response.

Let the control loop settle to the set point 4g/| with the parameters K =1 and Ti = 50.

When the control loop has settled, change the salt content from 30g/I to 32g/l and observe the
behavior.
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The higher salt content causes the salt concentration to rise. The closed-loop controller tries to
counteract this and reduces the inflow of salt. After a settling phase, the Pl controller also manages
to control the disturbance and adjust the actual value to the set point.

Task 9.

The number in the box labeled "Control quality" indicates a value about the quality of the steady
control loop. The smaller the number, the faster the control loop has settled and the actual value has
reached the set point.

Try to reduce the value for the control quality by adjusting the controller parameters.

In order for the control quality to be comparable, all tests must be started with the same initial
states. The best way to do this is to click “Stop” and then “Start” again. The set point concentration
(reference variable), salt content (disturbance variable) and salt concentration (controlled variable)
are restored to their initial values.

Now change the controller parameters and then adjust the set point to 4g/l. Wait until the control
loop has settled.
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With the preset controller parameters K =1 and Ti = 50, a control quality of 1.23 was achieved.
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With the parameters gain K= 1.1 and reset time Ti = 60, a control quality of 1.22 is obtained, for
example

Carry out the experiments with further controller parameters:

e C(lick ,Stop“and ,Start”

e Set controller parameters

e Set set point to 4g/|

e Wait until control loop has settled

In general:

Info:

Since the PI controller has an | component (integrator), it also applies here that the controller
adjusts the actual value to the set point after a settling phase or that the control loop becomes
unstable.

This is explained by the behavior of the integrator:

If the value of the input signal to an integrator is positive, the value of the output signal (control
signal) increases. If the input signal is zero, the integrator retains its output value (the value remains
constant). If the input value is negative, the output value of the integrator decreases.

In order for a control loop to settle to a value, the control signal must be constant (output of the
controller). The output value of an integrator is only constant when the input value of the integrator
is equal to zero, i.e. when the set point and actual value are the same.
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Task 10.
Restart the mixing container cascade with Pl controller.
Try to set the controller parameters so that the control loop becomes unstable.

Enter a set point step from 3g/l to 4g/I.
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You can achieve this with the controller parameters K = 2 and Ti = 20, for example:

The control loop with these parameters also becomes unstable for the disturbance behavior.
As a conclusion it can be said:
e  With the Pl controller and appropriately well set controller parameters, the control loop can
be controlled, the actual value reaches the set point and remains at the set point.

e This applies to the command response as well as to the disturbance response.
e If the parameters are poorly set, the control loop becomes unstable.
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Go to,,Overview” and select item 5.7 ,,Closed-loop control with PID controller”.

7.2.5 Closed-loop Control with PID Controller

Click , Start”.

Task 11.

Investigate the command response with the preset parameters: Gain K = 1.5, reset time Ti = 50,
derivative time (rate time) Td =1

Change the set point to 4g/I.
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The control loop begins to oscillate slightly and goes into a stable state after a long period of time.
The actual value reaches the set point.

As you can see in the trend diagram, the sudden change in the set point causes a peak in the control
signal (salt inlet). This peak is triggered by the D component of the controller. The derivation of a
sudden change causes an (infinitely) large value.

The control quality reaches 1.27 and is therefore greater than with the Pl controller with the
parameters K =1 and Ti = 50.

Note on the trend display with the PID controller:

In the trend display it can happen that the peak is not shown. You can, however, see that the peak is
present via "Analysis" (display of the stored signal values) and selection of a corresponding time
range.
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Task 12.
Investigate the disturbance behavior with the preset parameters:

Gain K=1,5, reset time Ti = 50, rate time Td = 1

Let the system settle to the set point concentration of 4g/I (the salt concentration reaches 4g/l and
does not change any more). Change the salt content in the inflow from 30g/I to 32g/I. Observe the
behavior.
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The disturbance response is well controlled with the specified controller parameters. The salt
concentration (controlled variable) reaches the set point concentration (reference variable) again
after a period of time.

Info:

In practice, the Pl controller is most common. If a PID controller is used, the D component is often
turned off so that the controller only works as a Pl controller.

One of the reasons for this is that the D behavior in a control loop is difficult to assess. In
principle, the D component gives you the option of making the control faster (which is often very
difficult, however).

The D component considers the change between the set point and the actual value. If the change
increases, i.e. the difference between the set point and actual value increases, the D component
adds a calculated value to the control signal. If the difference between the set point and the
actual value decreases, the D component subtracts a calculated value from the control signal. In
principle, the D component takes into account the trend, whether the difference between the set
point and actual value is increasing or decreasing. If the difference increases, the D component
amplifies the control signal; if the difference between the set point and actual value decreases,
the control signal is reduced.
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7.3 Examine Controlled System
Select item 5.3 ,,Examine controlled system®. Click ,,Start”.

Task 13.

Increase the salt inlet from 1l/s to 2l/s and wait until the salt concentration no longer changes. Then
change the salt flow to 3l/s.

Observe the behavior of the concentration.
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As can be seen from the recorded data, the behavior of the controlled system is different for the
steps. The salt concentration changes when the salt inflow changes from 11/s to 21/s from 3g/I to
5.5g/l (difference is 2.5g/1). When the salt inflow steps from 2I/s to 3I/s, the salt concentration
changes from 5.5g/l to 7.5g/| (difference is 2g/I).

The behavior of this controlled system depends on the operating point. This means that the controls
will behave differently with the same controller and the same controller parameters at different
operating points (e.g. salt inlet = 2I/s or 3I/s).
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7.4 Controller Tuning Rules

The mixing container cascade is a system with self-regulation.

After a finite time, a system with self-regulation oscillates to a constant output value (controlled
variable) after a sudden change in the input value of the system (control signal), while with a system
without self-regulation the controlled variable (actual value) continues to increase.

The behavior of the salt concentration in the third container is a system with self-regulation, since in
the event of a sudden change in the salt inlet, the salt concentration assumes a fixed value again
after a period of time (constant salt concentration), as can be seen under item 7.3.

The method according to Chien/Hrones/Reswick is to be used as a controller tuning rules for system
with self-regulation.

A system with self-regulation has roughly the following behavior in response to a unit step in the
control signal (sudden change in the control signal by 1):

LAY A

F 3
v
F 3

Tu

In the new standard, the delay time is designated with Te, the compensation time with Tb and the
turning point with P.

Since the terms Tu and Tg are still used in most of the literature, we keep the old terms here, or use
both.

The parameters Ks, Tg and Tu can be determined from this step response, as shown in the figure
above. The controlled system’s gain Ks (final value of the actual variable) results from the abrupt
change in the control signal by 1. If the amount of change is greater, you have to divide the resulting
system’s gain value by the amount the control step value in order to obtain Ks.

It means:
Te = Tu = Delay time
Tb = Tg = Compensation time

Ks = Gain
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With the help of these three parameters, the controller parameters can then be determined from
the setting table according to Chien / Hrones / Reswick:

Table 5: Equations to calculate controller parameters according to Chien/Hrones/Reswick

Quality criteria
Controller With 20 % Overshoot Aperiodic case
Disturbance Command Disturbance Command
07 T 07 T 03 T 03 T
P sz_._g sz_._g sz_._g sz_._g
Ks Ty Ks Ty Ks Ty Ks Ty
07 T 06 T 06 T 035 T
sz_._g sz—._g KP"’_'_g Pz—._g
Pl KS TU KS TU KS TU KS TU
T,~23-Ty T,~T, T, ~4-T, T,~12-T,
12 T, 095 T, 095 T, 06 T,
Pz—.— Pz—.— sz_._ sz—‘—
Ks Ty Kg Ty K¢ Ty Ks Ty
PID
T,~2-Ty T,~ 135 T, T,~24-T, T, =T,
TV =~ 0.42 M TU TV =~ 0.47 * TU T_V =~ 0-42 * TU TV =~ 0_5 . TU
T
For systems without self-regulation use g instead of .
(Ks'Ty ) (Kis'Ty )

The table was taken from: E. Samal, Grundriss der praktischen Regelungstechnik, Oldenbourg
Task 14.

For the mixing container cascade select item 5.3 ,Examine controlled system”.

Click ,Start”. Enter a step in the salt inlet from 1g/I to 2g/I.

All signal curves are saved and can be measured and evaluated using "Analysis".

Determine the parameters Ks, Te (Tu) and Tb (Tg) from the stored signal curves.

By clicking on the "Analysis" button, you will get the measurement curves.

With the help of the button bar in the window, time and value segments (zooming) can be selected.

JEIEIIIEN A TR IR

Try to find the area of interest for the evaluation with the step in the salt inlet and the swing in the
salt concentration.

To determine Te and Tb, you can, for example, print out the diagram and measure the curves with
the aid of a ruler

It is also possible to measure the values in the diagram.
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[ Mixing container system = [
i Measurement mixing container cascade =] Lo
R_c_Soll Set point concentraticn last container 3.000 5.500 g/l —
Rgd i Salt concentration container 3 3.000 5.500 gfl
R_Qzu_sI Inflow salt concentration first container 1.000 2.200 s
R_c_sI Salt conc. Of inflow saline solution 27.424 30.814 gil
R_c1 Salt concentration container 1 2.424 5.814 g/l
Measurement Neo. 1 (Standardmessung, 1°0.050 s) Storage time: 1°0.050 s
Start measurement: Fr 03.12.2021 11:20:59 End: Fr 03.12.2021 12:03:42
5.500 — %
5.250 -
5.000 —--
4.750 --
4.500 —--
|
4.250 +--
4.000 —--
3.760 +--{-f- ; :
00:00-05_250
0.377 g/
3.500 —-- dy/dt = 0.07186 gA/s
1 : : |
3.250 +--
3.000 f ‘ f : f : f ‘ f i
Fr03.12.2021 11:20:59.000 dt 00:01:42.500 Fr03.12.2021 11:22:41.500
‘ [ »
4 . y " o
B || e e 0 || L | [ 2| B awe |
Start Stop | Print ‘ | T | | << Back Continue >= | | Overview —|

Figure 42:Signal curve for the salt concentration

To do this, click on the blue signal ,,R_c3“ (salt concentration in container 3) in the header.

By clicking on the blue curve, the associated measured value and the time are displayed. By drag and
drop you will get the time and value difference as well as the derivation. Try to determine the
derivation of the blue curve at the turning point.

The gradient of the tangent at the turning point can be read approximately from the curve shown
above, dx/dt = 0.072g/l/s.

After the sudden change in the salt inflow from 1g/I to 2g/I, the salt concentration goes from 3g/I to
5.5g/l after the settling phase.

This enables the compensation time Tg to be calculated:

dx/dt = (end value — start value) / Tg, so

Tg = (end value — start value) / (dx/dt) = (5,5g/1 — 3g/1)/0,072g/\/s = 34,7s
Ks results from:

Ks = (end value — start value) / Step height =(5,5-3)/1=2,5

The delay time Tu can be measured and is approximately 7,3s.

Hence: Te=Tu=7,3s Th=Tg=34,7s Ks=2,5
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This results in the following controller parameters from the table for the Pl controller:

Pl controller

Command response with 20% overshoot
K=0,6*Tb / (Ks*Te)

Tn=Tb

Command response aperiodic
K =0,35*Tb / (Ks*Te)
Th=12*Tb

Disturbance response with 20% overshoot
K=0,7*Tb / (Ks*Te)
Tn=23*Te

Disturbance response aperiodic
K=0,6*Tbh / (Ks*Te)
Th=4*Te

1,14
34,70

0,67
41,64

1,33
16,79

1,14
29,20

According to the table, the following parameters result for the PID controller:

PID controller

Command response with 20% overshoot
K =0,95*Tb / (Ks*Te)

Tn=1,35*Tb

Td=0,47 * Te

Command response aperiodic
K=0,6%Tb/ (Ks*Te)

Tn=Tb

Td=0,5*Te

Disturbance response with 20% overshoot
K=1,2*Tb / (Ks*Te)

Tn=2*Te

Td=0,42 *Te

Disturbance response aperiodic
K=0,95*Tb / (Ks*Te)
Tn=2,4*Te

Td=0,42 *Te
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1,81
46,85
3,43

1,14
34,70
3,65

2,28
14,60
3,07

1,81
17,52
3,07



Task 15.

Investigate the control behavior and the disturbance behavior for the mixed
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container cascade with

the parameters determined according to Chien/Hrones/Reswick for the Pl controller and the PID

controller.
[ Mixing Container with PI controller =1 [
03122021 o . .
EEEl Mixing container cascade with Pl controller 56
S0 /s @ i ErsS e Set point Actual value Control deviation
efl gl g/l
10 10 10
O 9 3 8
— 5 5 5
300 g/l 10 Ifs ; N .
& & 2
5 5 - o
CIc 4 4 -2
104
3 3 -4
2 2 -6
327 g/l 3.82 gfl 418 gfl | b i 1 ==
o o -10
40
gl g/l [] trend stop [[] manual control Ifs g/l
10 — . . ; . . . —4 —35
9] L [aa
Control quality 33
113 — 32
—31
30
Sl
» B 29
’
— 28
L.
— 26
S ; : @ ' ‘ ' ‘ ' T T
Set point concentration Saltinlet /s
20, salt concentration gfl salt content g/l 105|300
et [ F | [ e continue>> | [ overview |
@ Mixing Container with Pl contraller = 2 |
[l Measurement mixing container PI | Pg |
A benakdTdiea
- Messung Nr.L - Rahrk. Regelung [ro[ -] &3]
iR c_Soll™ i Set point concentration last container 0.000 10.000 gl
R_c3 Salt concentration container 3 0.000 10.000 gfl
R_Qzu_SI Inflow salt concentration first container 0.000 4,000 Vs
R_c_SI Salt conc. Of inflow saline solution 25.000 35.000 gl
R_¢1 Salt concentration container 1 0.000 10.000 gil
Measurement No. 1 (Standardmessung, 1°0.050 s) Storage time: 1°0.050 s
Start : :29: End: Fr 03.12.2021 13:34:10
10.000 — -
9.000 1 | s | 1 s R b R I i
8.000 1 ; 1 ; 5 s R R R i
7.000 - : : : : : e bemmm e S e 3
6.000 - : ; : : : SRR - SRR - SRS S— |
5.000
4.000
3.000
2.000 —
1.000 :
0.000 : : i i ‘ f i
Fr03.12.2021 13:29:53.000 dt: 00:04:17 Fr 03.12.2021 13:34:10.000
| View | | P-, - amounts, + ar. | P-, - amounts, + ar. ‘ Close
il [ I A I T I I

Figure 43: Command response with 20% overshoot / Change of the set point from 3g/I to 4g/I.
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[ Mixing Container with PI controller L = él
03.12.2021 a.A A A
v Mixing container cascade with Pl controller 56
80 /s - Set point Actual value Control deviation
@ Water pressure variation
e/l afl &/l
10 10 — 10
0 9 ) E- s
— 8 8 E &
300 g/l 12 Ifs 7 7 i_ 4
3 6 E- 2
5 5 0
cic . s
104
3 3
2 2
3.88 g/l 208 gfl 406 gl | b 1 1
0 o
40
gl g/l [] trend stop [[] manual control Ifs g/l
1 0 0 — 35
— 34
Control quality 33
133 |32
31
30
e | .
»> b 22
s
[— 26
Lol as

Set point concentration g/l Saltinletl/s

(e]
20, Salt concentration g/l Salt content g/f1 123|300

| 7| e e

[ Mixing Container with PI controller L= % |
1l Measurement mixing container PT bd
AR A lEd T
. Messung Nr.l - Rahrk. Regelung E@
Soll”” ' Set point concentration last container 0.000 10.000 gil
R_c3 Salt concentration container 3 0.000 10.000 gil
R_Qzu_SI Inflow salt concentration first container 0.000 4.000 Us
R c Sl Salt conc. Of inflow saline solution 25.000 35.000 gil
R_c1 Salt concentration container 1 0.000 10.000 gil
M No. 1 (Standard g, 10.050 s) Storage time: 1°0.050 s
Start measurement: Fr 03.12.2021 13 :
10.000 —- --
9.000
8.000 —
7.000 -~
6.000 —
5.000
4.000 —
3.000
2.000 —
1.000 -
0.000 i f
Fr03.12.2021 13:36:02.000 dt: 00:03:41.050
o I »
| View | | P-, I-amounts, + ar. | P-, I-amounts, + ar. ‘ Close
il [ I L [T I I

Figure 44: Command response aperiodic / Change of the set point from 3g/l to 4g/I.
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] Mixing Container with PI contraller
03122021 . . .
134408 Mixing container cascade with Pl controller 55
9.0 Ifs @ O S TR Set point Actual value Control deviation
e 2l g/l
10 10 10
o 9 9 8
— s P &
32.0 g/l 13 1/s 7 7 4
6 6 2
5 5 o]
cic 4 4 2
104
3 3 -4
2 2 -6
3.88 g/l B B 8
o] o -10
[a0
gl g/l |:| Trend stop |:| Manual control If= gfl
10— v v v —4 —35
2 — — 34
Control quality 38— 2 33
0.01 7— 32 |
6 —| 31
5— 2 —30
f
— 29
.
H H — 26
o—l H H H H H H H H H g Las
Set point concentration g/l saltinlet /s
40 Salt concentration g/l Salt content g/l 127 320
el e T
[ Mixing Container with PI controller = % |
i} Measurement mixing container P1 =]
AR A lEd T
. Messung Nr.l - Rahrk. Regelung E@
H 0 " Set point concentration last container 1.844 7.579 gl
R_c3 Salt concentration container 3 1.844 7.579  gil
R_Qzu_SI Inflow salt concentration first container 0.738 3.032 Us
R c Sl Salt conc. Of inflow saline solution 26.844 32.5719 gil
R_c1 Salt concentration container 1 1.844 7.579  gil
Measurement No. 1 (Standardmessung, 1°0.050 s) Storage time: 1°0.050 s
Start measureme
7.579 —
7.006 ------
6.432 —
5.859 -+
5.285 —
4712
4138 -~
3.565
2.991 —
2418
1.844 t ; t t t
Fr03.12.2021 13:43:13.550 dt: 00:03:57.450
] n | 3
| View | | P-, I-amounts, + ar. | P-, I-amounts, + ar. ‘ Close
il [ I L [T I I

Figure 45: Disturbance response with 20% overshoot / Change of the disturbance input (salt content) from

301/s to 32l/s.

The disturbance is not controlled with these parameters
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Measurement No. 1 (Standardmessung, 10.050 s)

Start measurement: Fr 03.12.2021 13:36:02
7.737

7.232 -

[ Mixing Container with PI controller = [
03122021 o . .
vy Mixing container cascade with Pl controller 56
80 /s @ i ErsS e Set point Actual value Control deviation
e/l afl &/l
10 10 = 10
O 9 5 E-
[— s 8 E_
320 g/l 13 Ifs ; N E
3 3 E-
5 5 E-
Cic a a
104
3 3
2 2
393 g/l 399 g/l 405 gl | b 1 1
o o
40
gl g/l [] trend stop [[] manual control Ifs g/l
10 — 0 0 0 — 35
32
Control quality 33
001 32 4
—31
— 30
:
»> B -2
.
26
0] : : : g Loas
Set point concentration g/l Saltinletl/s
20, Salt concentration g/l Salt content g/f1 126|320
i iz T
i} Mixing Container with PI controller = El|
il Measurement mixing container PI [e=]
o Ko kR d TS
=, Messung Nr.L - Rahrk. Regelung o ®] 3]
0 " Set point concentration last container 2.682 7737 gl
Salt concentration container 3 2.682 7737 gl
Inflow salt concentration first container 1.073 3.095 Is
Salt conc. Of inflow saline solution 27.682 32737 gl
Salt concentration container 1 2.682 7737 gl

Storage time: 1°0.050 s
End: Fr 03.12.2021 14:11:07

6.726 —

6.221 -

5.715 —

5.209 -

4.704 —

4198

3.693 —

3.187 ~

2.682

Fr03.12.2021 14:04:45.150

dt: 00:06:11.850

P-, I-amounts, + ar.

P-, - amounts, + ar.

[ I'T L’ I I IT

Figure 46: Disturbance response aperiodic / Change of salt content from 30I/s to 32I/s.
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[ Mixing Container with PID controller L = él
03.12.2021 . - -
N EEED Mixing container cascade with PID controller 57
90 /s @ T S T Setpoint  Actual value Control deviation
e/l afl &/l
10 10 10
@] ) [ 8
— 8 3 5
300 g/l 16 Ifs , 7 "
& & 2
5 5 o
Cic 4 4 -2
104
3 3 -4
2 2 -6
274 gl 209 gfl 37agl| b 1 1 8
o] o -10
40
gl gl [] trend stop [[] Manual control I/s g/l
1 — 35
[ 34
Control quality 33
113 — 3z
—31
— 30
S
» » 29 <
-
26
o—J H - I —0 25
Set point concentration g/l Saltinlet Ifs
20, Salt concentration g/l Salt content g/f1 160|300
sl 80009 |0 |
dl Mixing Container with BID controller
il Measurement mixing container PID =]
PRl nAEL TP S
E=. Measurement View - Rahrk. Regelung (E=n E=h ===
" S0 Set point concentration last container 0.000 10.000 gl
_c. Salt concentration container 3 0.000 10.000 gl
R_Qzu_SI Inflow salt concentration first container 0.000 4.000 Vs
R_c_SI Salt conc. Of inflow saline solution 25.000 35.000 gfl
R_ct Salt concentration container 1 0.000 10.000 gfl
Measurement no. 1 (Standard measurement, 1+0.050 s) Storage time: 1*0.050 s
Measurement start: Tu 28.12.2021 13: End: Tu 28.12.2021 1
10.000 — -
9.000 +
8.000
7.000 +
6.000 —
5.000
4.000
3.000
2.000 —
1.000
0.000 : i i f
Tu 28.12.2021 13:20:57.000 dt: 00:04:39
4 I, ] r
‘ View | | P-, - amounts, + ar. | P-, - amounts, + ar. Close
Ll [ Il T I I I |

Figure 47: Command response with 20% overshoot / Change of the set point from 3g/I to 4g/I.
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[ Mixing Container with PID controller = iz
03.12.2021 .. . .
EVET) Mixing container cascade with PID controller 57
90 /s @ A S e TS Set point Actual value Control deviation
efl gl g/l
10 1o 10
O 9 3 8
— [ 8 8 5
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5 5 H o
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2 2 -6
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Print ‘ | @' | | << Back Continue > | | Overview |
i Mixing Container with PID controller =
(i} Measurement mixing container PID
AR eNnAlEd TR
- Messung Nrd - Ridhrk. Regelung = =
R-e_Soll’ "% Set point concentration last container 0.836 10.000 gl
R_c3 Salt concentration container 3 0.836 10.000 gil
R_Qzu_SI Inflow salt concentration first container 0.334 4.000 s
R_c_SI Salt conc. Of inflow saline solution 25.836 35.000 gil
R_c1 Salt concentration container 1 0.836 10.000 gil
Measurement No. 1 {Standardmessung, 1*0.050 s) Storage time: 1%0.050 s
Start measureme
10.000 —
9.084 -
8.167 —
7.251
6.334 —
5418 -
4.501 —
3.585
2.669 —
1752 1--
0.836 : t : : ; t : t : t ;
Fr 03.12.2021 14:31:06.000 dt: 00:04:07.150 Fr 03.12.2021 14:35:13.150
< i ’
| View | | P-, I-amounts, + ar. | P-, I amounts, + ar. Close
il [ I'T ! I I I'T

Figure 48: Command response aperiodic

The controller tuning rule from Chien/Hrones/Reswick is not well suited here, as the calculated
parameters do not cause an aperiodic settling.
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[ Mixing Container with PID controller = [
03.12.2021 .. . .
YETET Mixing container cascade with PID controller 57
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320 g/l 13 Ifs . - a
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R_¢1 Salt concentration container 1 1.983 7.793 gl
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Figure 49: Disturbance response aperiodic

The controller tuning rule from Chien/Hrones/Reswick is

parameters make the control loop unstable
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The controller tuning rule from Chien/Hrones/Reswick was not well suited for this system, especially

7.5 Evaluation of the Controller Tuning Rules

the disturbance behavior.

Since the controller tuning rules are empirical and not based on mathematical principles, it cannot be
assumed that they will provide reasonable results for every system.

7.6 Closed-loop Control with Cascade Controller

With cascade control, attempts are made to improve and accelerate the control with the help of
further measured variables.

The cascade control consists of two control loops. The outer main control loop with a PID controller
is subordinated to an inner loop with a Pl controller. Since the system has a relatively large time
constant, it takes a long time for changes in the input variable to become noticeable at the output. In
the case of a single-loop control, this has a disadvantageous effect on the speed of the control.

With the cascade control of the mixed container cascade, the salt concentration (output variable) of
the first tank is accessed. Changes (disturbances) in the salted inlet are measured in the first tank
sooner than in the third tank. The inner control loop is therefore quicker to control disturbance, so
that the total control is accelerated. Another advantage is that large control deviations, which occur
in a single-loop control, are avoided in the first container due to the inner circle.

Task 16.

Select the item 5.8 ,,Closed-loop control with cascade controller” for the mixed container cascade
and click ,,Start”.

Enter a step in the set point concentration from 3g/l to 4g/I.

Observe the control behavior.

With the preset values of the two controllers, the behavior of the control is very good. The actual
value (salt concentration in the 3rd container) goes quickly and without overshooting to the set point
(set point concentration).
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il Mixing Container with cascade controller = 3%
03.12.2021 a.a A A
150630 Mixing container cascade with cascade controller 58
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The inner control loop (with PI controller) tries to adjust the salt concentration of the 1st container to
the actuating variable of the outer controller (PID controller). The salt inflow is the resulting
actuating variable (output) of this inner control loop. The output of the PID controller is the reference
variable (input) for the inner control loop. Since the salt concentration is transmitted from the 1st to
the 3rd container, the salt concentrations from the 1st to the 3rd container must be the same when
the target concentration is reached. In the steady-state case, the output of the external controller is
the set point of salt concentration. The outer control-loop has the reference value for the inner
control loop as a result, that in the steady-state case approaches the set target concentration. This
reference value is compared with the measured concentration in the 1st container and the inner
controller tries to achieve this concentration by adjusting the salt inlet.

The fact that the adjustment of the salt inlet depends on the measured concentration in the 1st
container and that the control signal of the external controller is the reference variable for the inner
controller makes it possible to achieve good and fast control loop behavior.

if Mixing Container Block cascade controller @

Mixing container cascade with cascade controller

Water inflow

Set point lﬂ 9.00) Salt con-
0

salt con- 0.00 10 centration
centration 3
e + ¥

PID controller Pl controller Container 1 Container 2 + Container 3

X

3.00
Gain 1.0 Gain : 10 Pl | 300 4
Tn time c. 20.0 Reset time : 100 saline

Tu-Zeitk. 10

Salt concentration container

Close
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8 Liquid Level Control (Control Training Il)

The next controlled system is a container with inflow and outflow. The amount of outflow is
influenced by the valve position. The technical control task is to control the level by opening or
closing the valve so that it corresponds to a specific set point. The valve position represents the input
variable of the system, the level in the container is the output variable of the system. The inflow acts
as a disturbance variable.

The valve is controlled by a motor that is driven by a three-position controller. By activating the
motor, the valve can open, close or remain in the current position. The three-position controller
issues the "open" and "close" commands. The desired valve position is the set point for the three-
position controller. The actual value of the valve position is time delayed, because the motor opens
or closes the valve to the desired position.

The reference variable is the set point of level, the controlled variable is the actual level, the
disturbance variable is the inflow and the control signal is the "set point of valve position". Since the
valve is opened and closed by a motor, it can take some time before the valve reaches the valve
position "set point of valve position. For this reason, a distinction is made between the signals "set
point of valve position" and "actual valve position".

In the initial state of the simulation, the valve is closed and the inflow is zero. In order for the level to
change, the inflow must be set to values greater than zero.

It should also be noted for this control, that the controller output has been multiplied by 0.4 so that
the control signal y is normalized to 0 to 100%, because the difference between the set point and
actual value can have a maximum value of 250I/s.

8.1 Uncontrolled System (Manual Control)
Select ,,Overview” and go to item 5.1 ,,Uncontrolled system®.

Click “Start”. You can now change the values for the set point (reference variable, actual liquid level
cm), the control signal (set point of valve position) and the disturbance signal (inflow I/s) using the
slider or by entering values below the slider.

Task 1.

Set the inflow to 50I/s and fill the container. Set the set point (reference variable, set point liquid
level) to 100cm. By adjusting the control signal (setp. valve %) you can now try to adjust the actual
value (controlled variable, actual liquid level) to the set point (reference variable, set point liquid
level).

The actual valve position is delayed to the desired valve position (compare red and purple signal in
the trend display).

The control can of course only be implemented if an inflow > 0 is set.
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~
[l Liguid level uncentrolled li‘_léJ

Liquid level system uncontrolled

Three-pos

Open Close ~ N
Inlet Setpointcm  Actualvaluecm  Control deviation cm
: T ; 1 controller
soalie /ﬁ\ _______ : M ______ S ; T 250 250 = 0
I ) : . | f D 235 225 F— 200
”””””””” 200 200 - 150
175 175 F- 10
4 E
Liquid Level v 150 150 B 50
1105 m E
— e 125 125 E o
entilstellung || B E .
100 = H 100 B o
42 % E
sIm =mE s E- -100
i B :
5038 =mE 5o E- -150
= = E
o - 25 E g 25 £ 200
uow o Jmm =t 4 E- 250
550 Ifs 1000 1105 -105
% %
. . : 100
225 H H | 90
200 20
175 : : : 70
150 : : : 60
Inlet H |
e 125 ; 50
2 »> TN
Valve ¢ vquia I 100 : : i « 4 -
position level 75 H d H 30
— P System —— B 5o > : : i n
y x : H : : '
53" : : 10
0 . : . 0
Set point liquid level cm Setp. valve %
1000 1105 550 | 50.0 Actual liguid level nlet s Act. valve % 414 418
‘ Start ‘ | Stop ‘ | Reset | @ ‘ << Back ‘ Continue > ‘ Overview

This type of control is known to as command response. The set point is adjusted and an attempt is
made to adjust the actual value (controlled variable) to the new set point (reference variable) by
adjusting the control signal.

It can be observed with this system that the actual valve position is delayed after the control signal. If
the control signal is changed (red signal) it takes until the valve position adopts the value specified by
the control signal. When the motor is activated, the valve needs a certain amount of time to move to
the desired valve position.

181



Ingenieurbiiro

Dr.-Ing. Schoop

Task 2.

Change the inflow to 70l/s and try to correct the disturbance by adjusting the control signal.

) Liquid level uncontrolled =) —ES

Liquid level system uncontrolled

Open Close Three-pos.

Setpointem  Actualvaluscm  Control deviation cm
Inlet - 0 T
' 1 controller s - s
700 Ifs //—“-\ -H ------ I H ------- i 59.1[% E
I , : : | D 225 225 200
”””””””” 200 E- 200 150
175 E 175 100
i E
Liquid Level v 150 E- 150 50
98,6 cm E
=5 125 125 0
Ventilstellung 100 31— =0
=
59 %
75]m -100
=
S0 = -150
=
oum - 25 = -200
utflow o — .50
738 /s 1000 14
ean om |fs /s |:| Trend Stop % %
Inlet
z
Valve ¢ Liguid . .
position level
——P  System  fe—
¥ x
PR : : : : :
Set point liquid level cm Setp. valve %
1000 986 738|700 Actual liguid level nletI/s Act. valve % 581 594

(== ][] ) o]

Continue >>

The level begins to rise. The control valve must be opened further so that the outflow increases and
the level decreases.

Changing the inflow is a disturbance to the system. That is why one speaks here of the investigation
of the disturbance response.
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8.2 Controlled System

8.2.1 Closed-loop Controlled System
Go to ,,Overview” and select item 5.2 ,Controlled system®.

Here you can see how the system behaves in principle if, instead of manually control by the user, a
controller takes on the task of adjusting the actual value to the set point.

Task 3.
Click ,Start”. First set the target level (reference variable) to 100cm and then the inflow to 50I/s.

What will happen?
(@ Liquid level controlled = ﬂh‘

Liquid level system controlled

Open Close g
Inlet == Set pointem  Actualvaluecm  Control deviation cm
controller

WS e T TR e
: : ] 215 235 200

. ‘ [
777777777777777 200 200 150
175 175 100

P [y
Liquid Level I I 150 150 50

¥

107.2 cm

125 125 0

Ventilstellung 48.4/%
100 100 -50

48 %

T 75 75 -100

50 50 -150
25 25 -200
Qutflow
o o -250
628 I/s
100.0 107.2 7.2
am ecm /s s |:| Trend Stop % %
250 —; T v v
225 3
200
Inlet 175 é
z 150 3
Set point Valve biquid E
liquid level position level 125 _;
Controller P System P » o3
Wy e ¥ d 753!
» 03
25—

]

Setp. level Setp. valve
Actual level nlet Act. Valve

‘ Start | ‘ Stop ‘ ‘ Reset ‘ @ ‘ << Back | | Continue >>

1000 1072 628|500 486 484

Overview

Only when the level of 100cm is reached the controller outputs a control signal greater than 0. As
long as the level was below the set point level, the valve remained closed.

If the actual level exceeds the set point level, the valve is opened so that the outflow increases and
the level drops again.

With an overshoot, the controller manages to adjust the actual level to the set point.

Since the control loop reacts to a change in the set point, this is referred to as the command
response.
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Task 4.
Change the inflow to 701/ s.

What will happen?

i Liquid level controlled = X
Liquid level system controlled
Open Close .
Inlet " - UIE=s, Setpointcm  Actwalvaluscm  Control deviation cm
P | H f controller
= IIMHLL : : B2 o o E
N ' i D 225 225 F 200
"""""""" 200 200 E 150
. 175 175 E 100
Liquid Level 50 D E_ 0
4 E
1031 cm E
125 125 0
Ventilstellung 58.8/% E
100 100 F
59 %
75 75
50 50
25 2
Outflow
748 1 0 ¢
8 /s
1000 1031 31
m am s Ifs
250
225
200
Inlet 175
z 150
Set point Valve e
liquid level i
iquid level position level 125
Contraller B system B B | 100
W E—e ¥ W » -
50
25
o= R [
Setp. level Setp. valve
1000 103.1 748 [ 700 Actal 1evel L At Vatve 583 588
oo | [ oo ][ oo | (7) — 1 _ BN

The level begins to rise.
The controller tries to open the valve further so that outflow increases.
After a certain time, the controller has corrected the disturbance (disturbance response).

The valve is controlled by the motor, which opens or closes the valve or maintains the position.
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8.2.2 Closed-loop Control with P Controller

Go to,,Overview” and select item 5.4 ,Closed-loop control with P controller”.

Click , Start”.

Task 5.
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Set K to 4, the set point to 100cm and the inflow to 50I/s. Wait until the control loop has settled, i.e.

until the actual value no longer changes.

Observe the behavior.

@ Liquid level with P_controller = ] |
Liquid level control with P controller
- - : : : Tc';ﬁfuflﬁ Setpointcm  Actualvaluscm  Control deviation cm
500 Ifs //ﬁ\\ 328[% 0 =0 E =
I . : . p 225 225 E- 200
”””””””” D 200 200 i— 150
A 175 175 ; 100
Liquid Level I I T T E o
A E
1218 cm E
32.4% 125 125 ? o
Ventilstellung 100 100 F -s0
34 % 75 75 -100
50 50 -150
25 25 200
Outflow
] ] -250
476 I/s
1000 1218 -218
m m s s
(#) Auto. control
() Manual control
Control quality
1050.23
»
-
K: 40
= : E o
Set point liquid level cm Setp. valve %
0 e ] 00 Actual liquid level cm Act. valve % il <)
[on | e | [ovemcse|[ oo | [om | @ [ o |[commen | [ owwew ]
i) Liquid level measurement = [t
'E‘L-‘tl}-:' Q‘Uléé‘i‘g’l? ‘5 Please insert ruler, to
. R — the contraller setup for
iFH_Soll i Set point liquid level 0.00 250.00 cm desired time
F.H_Ist Actual liquid level 0.00 250.00 [cm]
F.Zulauf Inlet 0.00 100.00 Vs
FV_Sol Set point valve position 0.00 10000 %
FV_lIst Actual valve position 0.00 10000 %
F.Ablauf QOutflow 0.00 100.00 Vs
FV_Auf Valve direction open Low / High [-]
FV_Zu Valve direction close Low / High [-]
Messung Nr. 1 (Standardmessung, 10.050 s) Speicherzeit: 170.050 s
Messungsbeginn: Di 07.12.2021 11:04:42 Ende: Di 07.12.2021 11:12:46
1
250.00
225.00
200.00 ~
175.00
150.00 +
125.00
100.00
75.00
5000 -+
25.00
0.00 ;
Di 07.12.2021 11:05:17.100 dt: 00:03:58.900 Di 07.12.2021 11:09:16.000
< 0 m ’
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The level begins to rise after the inflow has been set to 50I/s. When the actual level exceeds the set
point level, the controller issues a control signal and the valve is opened.

After the settling phase, it can be clearly seen that the actual value (controlled variable) does not
reach the set point (reference variable). We get a steady-state control error.

The control error is defined as e = w - x, with

w = reference variable (set point) and x = controlled variable (actual value).

Reason:

The P controller works like an amplifier. The input signal to the controller x-w (set point - actual
value) is multiplied by the specified gain factor (in our case 4). In order for the P controller to output
a control signal (valve position) not equal to zero, the set point and actual value must be different,
i.e. steady-state control error.

If the controller outputs 0, the valve closes and the outflow goes to 0.

Task 6.
Change the gain of the P controller from 4 to 10 and wait until the control loop has settled again.

What will happen?

[ Liquid level with P_contraller

. . .
Liquid level control with P controller
0
Inlet e o ==t Setpointcm  Actualvaluecm  Control deviation cm
! | controller
ool //ﬁ\_\ ______ ”H’_I ______ [ — 250 250 e 250
I . : D 225 225 F— 200
”””””””” 200 200 E- 150
175 175 - 10
I A E
Liguid Level II v 150 150 F so
109.5 cm = 125 125 E o
Ventilstellung 100 100 E- 50
= o 75 75 E- -100
50 50 E- -150
- 25 25 E- -200
Qutflow | E
! 0 ] E -250
501 Ifs | —
100.0 109.5 9.5
am cm  Ifs /s ] wrend stop % %
() Auto. control Eh= 7
(") Manual control
Control quality
1114181
» .
K 100
P ‘ - -
Set point liquid level cm Setp. valve %
L00.0 EEEHEEREY 500 Actual liquid level cm e Act. valve % 362 Jes
‘ Start ‘ | Stop ‘ | Reset | | Block structure Evaluation ‘ ‘ Print ‘ << Back | | Continue >> | Qverview
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The control error between the set point and the actual value becomes significantly smaller as the

gain K is increased from 4 to 10. However, the P controller does not manage to adjust the actual

value to the set point here either. For the reason described above, we also get a steady-state, albeit

smaller, control error x - w.

The P-controller also reacts to a disturbance (change in the inflow). A permanent control deviation is

also obtained for this.

.
[l Liguid level with P_contraller — |
07.12.2021 . . N
P Liquid level control with P controller
Open ose
- P ULEEEs Setpointcm  Actualvaluecm  Control deviation cm
T T controller
700 Ifs r/ﬁ\ ------- [ [ [ 522[% 20 20 20
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777777777777777 200 200 150
175 175 100
— 'y
Liquid Level 150 150 w0
¥
1130 cm
260% 125 125 0
Ventilstellung loo loo -50
53 % 75 75 -100
50 50 -150
25 25 -200
Outflow
1 0 o -250
701 /s
1000 1130 -130
e cm Ifs s [ Trend step % %
(®) Auto. control B0 ; 3 :
() Manual control 2
200 | H
Control quality 175 :
7737 150 i i
125 o /-——7 e e e Sy 4 .
" +
T = —
K: 100
25
0= : : : E o
Set point liguid level cm Setp.valve %
1000 BESUREEEY J00 Actual liquid level cm nletl/s Act. valve % 522 g
‘ Start | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure Evaluation ‘ | Print | @ | << Back ‘ | Continue >> ‘ Overview
L

As can be seen from the settling response, the P controller reacts immediately and quickly to changes

in the set point and disturbance values (control and disturbance response).
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8.2.3 Closed-loop Control with | Controller
Go to,,Overview” and select item 4.5 ,,Closed-loop control with | controller”.

Click , Start”.

Task 7.
Set the controller parameter Ti to 5.
Change the set point to 100cm and the inflow to 50I/s.

Observe the behavior.

[} Liquid level with [_controller = 23—

Liquid level control with I controller

Open Close
Inlet ° ==t Setpointem Actualvaluecm  Control deviation cm
' - ! 1 controller 250 250 250
0| e //—‘-‘-\\ ------ l-IEI]] ------- : 23z 2
- . : | D 215 225 E 200
fffffffffffffff 200 200 E 150
175 175 E- 10
o s E
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v E
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52.4[% E
Ventilstellung E
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Qutflow
75.6 I/s

a m s s [] wend stop % %
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O Manuzl contral
Control quality
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»
Ti: 50 . 50
(B : ]
Set point liquid level tm Setp. valve %
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‘ Start ‘ | Stop ‘ | Reset | | Block structure Evaluation ‘ ‘ Print ‘ @) | << Back | Continue >> ‘ Overview

The valve is slowly opened by the | controller. After a long period of time with many overshoots, the
actual value reaches the set point.
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1l Liquid level measurement

)

F.Zulauf
F.V_Soll
FV_lIst
F.Ablauf
FV_Auf
FV_Zu

225.00

175.00
150.00
125.00
100.00
75.00
50.00
25.00
0.00

250.00

200.00

1
Di 07.12.2021 11:51:20.000

" Actual liquid level
Inlet
Set point valve position
Actual valve position
Outflow
Valve direction open
Valve direction close

Messung Nr. 1 (Standardmessung, 170.050 s)
Messungsbeginn: Di 07 12.2021 11:51:20

100.00
118.12
50.00
27.31
27.00
36.76
High
Low

=
w

Speicherzeit: 170.050 s
Ende: Di 07.12.2021 11:57:59

Di 07.12. 11:54:39.500

Di 07.12.2021 11:57:59.000
Close

At the desired tme
following controller
setup was active

| controller

Reset time: 500 s

The | controller is not suitable for this level control because the settling takes too long.

Adjusting the controller parameter Ti also does not improve the settling behavior.
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8.2.4 Closed-loop Control with Pl Controller

Go to,,Overview” and select item 5.6 ,,Closed-loop control with Pl controller”.

Click , Start”.

Task 8.

Keep the controller parameters on: Gain K = 3, Reset time Ti = 10.

Change the set point to 100cm and the inflow to 50l/s. Observe the settling behavior.

[l Liquid level with PL controller

Open Close

Liquid level control with Pl controller

= UTEseE Setpointem  Actualvaluecm  Control deviation cm
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'ﬁll.t‘ﬁ- Qlu‘:‘é“f_l@"?ld Atthe desired time
. o following controller
[ : Set point liquid level 100.00 cm SEtup was acrive:
FH_Ist Actual liquid level 98.13 [cm]
F Zulauf Inlet 50.00 Vs
FV_Soll Set point valve position 4045 %
F.V_Ist Actual valve position 40.80 % Ficontratier
F.Ablauf Outflow 5063 Vs Gain: 3.00
FV_Auf Valve direction open Low [-] Resettime: 10.00's
FV_Zu Valve direction close Low [-]
Messung Nr. 1 (Standardmessung, 170.050 s) Speicherzeit: 170.050 s
Messungsbeginn: Di 07.12.2021 12:01:15 Ende: Di 07.12.2021 12:04:25
BALL I ; 101 [
250.00 ~
225.00
200.00 4----
175.00
150.00 +----
125.00
100.00
75.00
50.00 +----
25.00
0.00 t f f : i
Di 07.12.2021 12:01:15.000 Di 07.12. 12:02:50.000 Di 07.12.2021 12:04:25.000
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The actual value (controlled variable, actual level) reaches the new set point (reference variable, set
point level) with the Pl controller and the set parameters with overshoot.

Since the set point has been changed, this is about the investigation of the command response.

Task 9.
Investigate the disturbance response.

When the control loop has settled, change the inflow to 70l/s and observe the behavior.

(il Liquid level with P1 controller = |

Liquid level control with PI controller

0 Closi
Inlet Pen o UrE=Es Set pointem  Actualvaluecm  Control deviation cm
| B B f controller s - -
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I . 175 175 100
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25
0

50 -150
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@ Auto. control =0 —¢ P i H i H i i H i H
O Manual control 22
Control quality
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P ' ! : ! : : : : !
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§ 0 50—t : : : : : : : : : »
Ti (Tn} 10.0 = : a
o—F : : : : E o
Set point liquid level cm Setp. valve %
ELE =20 (il Actual liquid level cm nlet I/s Act. valve % Sl EEE
‘ Start | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure Evaluation ‘ | Print | @/j | << Back ‘ | Continue »> ‘ Overview

The larger inflow causes an increase in the level. The controller tries to counteract this and increases
the valve opening. After a short settling phase, the actual value reaches the set point again.

Since the control loop reacts to a change in the disturbance value, one speaks of disturbance
response in this case.
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Let the system settle with the specified parameters of the Pl controller to the set point 100cm with

an inflow of 50I/s.

Change the controller parameters to K=5 and Ti = 3.

Enter a step in the set point level from 100cm to 120cm. What will happen?

[l Liquid level with PL controller

Open Close

Liquid level control with PI controller

= UTEseE Setpointem  Actualvaluecm  Control deviation cm
controller
500 Ifs a8f% =0 =0 =0
h . D 225 225 200
"""""""" 200 200 150
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Liquid Level e o &
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1223 em )
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(C) Manual control 25
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K 50 B s
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Set point liquid level tm Setp. valve %
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‘ Start ‘ | stop ‘ ‘ Reset | Block structure Evaluation | print | @ ‘ << Back | | Continue »» | Overview ‘

With these controller parameters, the control loop becomes unstable and the actual level oscillates

around the set point level.

W Liquid level measurement

= i

Ellﬁlb‘[ﬁ.‘t&‘?&“f_‘f‘?"?‘d Atthe desired ime
following controller
{FH_Soll "} Set point liquid level 12000 cm setup was active:
FH_Ist Actual liquid level 13474 [em]
FZulauf Inlet 50.00 Is
F.V_Soll Set point valve position 82.36 %
FV_Ist Actual valve position 3260 % Pl comtolier
F.Ablauf Outflow 4741 Ifs Gain: 5.00
F.V_Auf Valve direction open High [-] Reset ime: 3.00 s
FV_Zu Valve direction close Low [-]
Messung Nr. 1 (Standardmessung, 170.050 s) Speicherzeit: 170.050 s
Messungsbeginn: Di 07.12.2021 12:01:15 Ende: Di 07.12.2021 13:41:32
1
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175.00 1--
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:
« [ v
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Task 11.

Let the system settle with the specified parameters K = 3 and Ti = 10 of the Pl controller to the set
point 100cm with the inflow 50I/s.

Enter a step in the set point level from 100cm to 120cm.

Determine the control quality for this step.

[l Liquid level with PI_controller =) X

Liquid level control with Pl controller
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Do s o | [ o | [ome | @ [ [emmen)] [ome

The control quality after settling is approx. 31.71.
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The number in the box labeled "Control quality" indicates a value about the quality of the steady-

Task 12.

state control loop. The smaller the number, the faster the control loop has settled and the actual
value has reached the set point.

Try to reduce the value for the control quality by adjusting the controller parameters.

In order to be able to compare the control quality with one another, the same initial conditions must
be set for all tests.

.
] Liquid level with PLcontraller =)

Liquid level control with Pl controller

Open Close -
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; ; : 7 controller
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37 % 75 75 -100
50 50 -150
. 25 25 -200
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(#) Auto. control

() Manual control

200
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Ti (Tn): 30.0 x5 ; \/ :
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‘ Start | ‘ Stop ‘ ‘ Reset ‘ Block structure Evaluation | Print | @ | << Back ‘ | Continue > ‘ Overview

With the controller parameters K = 8 and Ti = 30, a control quality of 27.2 was achieved.

The following are set as initial conditions:

With an inflow of 50 I/s, the system had settled to the set point level of 100 cm.

The set point was increased to 120l/s and it was waited until the control loop was settled again.
Carry out the experiments with further controller parameters:

e Let it settle with an inflow = 50I/s to the target level = 100cm
e Set controller parameters

e Set the set point to 120cm

e Wait until the control loop has settled.

Since the valve is controlled by pulses (opening, closing), the actual value fluctuates slightly around
the set point.
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8.2.5 Closed-loop Control with PID Controller
Go to,,Overview” and select item 5.7 ,,Closed-loop control with PID controller”.
Click , Start”.

Keep the set parameters K = 3, Ti = 10 and Td = 2. Enter 100cm as the set point level and set the
inflow to 50I/s.

Wait until the control loop has settled.

Task 13.
Investigate the command response with the preset parameters:
Gain K = 3, Reset time Ti = 10, Derivative time Td = 2

Change the set point to 120cm.
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376/%
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Td (T 20 e : | : | : 0
Set point liquid level cm Setp. valve %
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‘ Start | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure Evaluation ‘ | Print | @/j | << Back ‘ Continue >> ‘ Overview ‘

The control loop goes into a stable state with overshoot. The actual value reaches the set point.

As can be seen in the trend diagram, the sudden change in the set point causes a peak in the control
signal. This peak is triggered by the D component of the controller. The derivation of a sudden
change causes an (infinitely) large value.

The peak goes down because the control signal has to decrease (valve closes) so that the level rises.
The control quality is over 33.5.

Since the valve is controlled by pulses (opening, closing), the actual value fluctuates slightly around
the set point.
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Task 14.

Carry out the tests with further controller parameters in order to improve the control quality:

e Let the system settle with an inflow = 50I/s to the set point level = 100cm

e Set controller parameters
e Set the set point to 120cm
e Wait until the control loop has settled.
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‘ Start | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure Evaluation ‘ | Print | Back ‘ | Continue >> ‘ Overview

With the parameters gain K =5, reset time Ti = 30 and derivative time = 2.5 you get, for example, a

control quality of 27.7.

Note to the trend display with the PID controller:

In the trend display it can happen that the peak is not shown. You can, however, see that the peak is
present via "Evaluation" (display of the stored signal values) and selection of a corresponding time

range.
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Info:

In practice, the Pl controller is most common. If a PID controller is used, the D component is often
turned off so that the controller only works as a Pl controller.

One of the reasons for this is that the D behavior in a control loop is difficult to assess. In
principle, the D component gives you the option of making the control faster (which is often very
difficult, however).

The D component considers the change between the set point and the actual value. If the change
increases, i.e. the difference between the set point and actual value increases, the D component
adds a calculated value to the control signal. If the difference between the set point and the
actual value decreases, the D component subtracts a calculated value from the control signal. In
principle, the D component takes into account the trend, whether the difference between the set
point and actual value is increasing or decreasing. If the difference increases, the D component
amplifies the control signal; if the difference between the set point and actual value decreases,
the control signal is reduced.
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9 Engine Speed Control (Control Training Il)

This process is the simulation of an engine, of which the rotational speed is to be controlled by
changing the input voltage of the motor. The voltage is the input variable (control signal) and the
rotational speed is the output variable (controlled signal) of the system. The signal ,,Load” acts as
disturbance variable.

The engine speed process is a controlled system with self-regulation.

9.1 Uncontrolled System (Manual Control)
Select item 3.1 ,Uncontrolled system*. Click ,Start”.

You can now change the values for the set point (reference variable, set point speed 1000/min), the
control signal (engine voltage V) and the disturbance signal (load%) using the slider or by entering
values below the slider.

Task 1.

Set the set point (set point speed, reference variable) to 1 (corresponds to 1000/min) and try to
adjust the actual value (Engine speed) to the set point speed (reference variable) by adjusting the
engine voltage (control signal).

[@l Engine_uncontrolled E=] i
Engine speed system uncontrolled
Set point Actual value Control deviation
6 6 6
5
Engine voltage Engine speed Load % s 5 2
17 v 102 1000/min 50 3
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1
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3 703 E- 7
13 E
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33 503 E- s
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voltage speed El 20 3 E 2
— SystEm 25 30_5 E_ z
i x E| E =
3 20 E
| S S E 3
| El 10 1
o2 | H ' H : : E_ o
» Setp. speed 1000/min Load % Engine voltage V
ic 10 o Engine speed 1000/min 17
| Start ‘ ‘ Stop | | Reset ‘ @) ‘ << Back ‘ ‘ Continue »> ‘ Qverview ‘
— 4

This type of control is known as command response. The set point is adjusted and an attempt is
made to adjust the actual value (controlled variable) to the new set point (reference variable).
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Task 2.

Change the load from 0% to 20% and try to correct the disturbance by adjusting the control signal.

[@l Engine_uncontrolled

= i
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As the load increases, the speed decreases.
To compensate for this, the control signal (engine voltage) must be increased.

Changing the load is a disturbance to the system. That is why one speaks here of the investigation of
the disturbance response.
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9.2 Controlled System

9.2.1 Closed-loop Controlled System
Go to ,,Overview” and select item 3.2 ,Closed-loop controlled system*”.

Here you can see how the system behaves in principle if, instead of manual control by the user, a
controller takes on the task of adjusting the actual value to the set point.

Task 3.

Click ,Start” and set the set point to 1 (1000/min). What will happen?

il Engine controlled

S =1

Engine voltage Engine speed

13V 0.99 1000/min

Load

Set point Engine z
speed voltage

= = Controller P System
+ E- ¥

B e

Engine speed system controlled

Set point

6
5

4

[] trend stop

03
Set point speed

Engine speed 1000/min

Engine voltage V

Control deviation
6

T R e T T

The actual value (engine speed) reaches the set point after a short time (command response).
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Task 4.
Change the load from 0% to 20%.
What will happen?

1l Engine controlled = LX)

Engine speed system controlled

Set point Actual value Control deviation
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W g—e ¥ x

|
| 10—
0= 0=
Set point speed
10 10 2 Engine speed 1000/min Engine valtage V 20
| Start ‘ ‘ Stop | | Reset ‘ @) ‘ << Back ‘ Continue »> ‘ Overview

The speed decreases.

The controller tries to adjust the actual value (engine speed) to the set point by increasing the engine
voltage (control signal).

After a short time, the controller has corrected the disturbance (disturbance response).
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9.2.2 Closed-loop Control with P Controller
Go to,,Overview” and select item 3.4 ,Closed-loop control with P controller”.

Click , Start”.

Task 5.

Change the set point to 2 (1000/min) and wait until the control loop has settled, i.e. until the actual
value no longer changes.

il Engine_P_controller =] LX)
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Block structure

Evaluation ‘ | Print ‘ @ ‘ << Back H Continue >>

After the settling phase, it can be clearly seen that the actual value (controlled variable, engine
speed) does not reach the set point (reference variable, set point speed). We get a steady-state
control error.

The control error e is defined as e = w - x, with

w = reference variable (set point) and x = controlled variable (actual signal).

Reason:

The P controller works like an amplifier. The input signal to the controller w - x (set point - actual
value) is amplified with the specified amplification factor (in our case 4). In order for the P-controller
to output a control signal (an engine voltage) that is not equal to zero, set point and actual value
must be different, i.e. steady-state error.

If the controller outputs 0, the motor speed also goes to 0.
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Task 6.
Change the gain of the P controller from 4 to 10 and wait until the control loop has settled again.

Observe the behavior.

il Engine_P_controller = 3|

Engine speed control with P controller

Setpaint Actual value Control deviation

& & &
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Engine voltage Engine speed Load % 5 5 a
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Block structure

Evaluation ‘ | Print ‘ @ ‘ << Back H Continue >»

The control error between the set point and the actual value becomes significantly smaller when the
gain K is increased from 4 to 10. However, the P controller does not manage to adjust the actual
value to the set point here either. For the reason described above, we also get a, albeit significantly
smaller, steady-state control error (e = w - x).

The size of the control signal y in the steady state can be calculated from the steady-state error (w-x)
and the gain factor K:

Control signaly=K* (w-x)=10*(2-1,71)=2,9
(The actual value x can be read off more precisely via "Evaluation" than via the picture above)

The P controller also reacts to a disturbance (change in load). A steady-state control error is also
obtained for this.
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Task 7.

Change the load from 0% to 20%. What will happen?

{l Engine_P_controller = )

Engine speed control with P controller
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The P controller reacts to the fault, the steady-state control error remains.

As can be seen from the settling behavior, the P controller reacts immediately and quickly to changes
in set point and disturbance variable (command response and disturbance response).
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9.2.3 Closed-loop Control with | Controller:
Go to,,Overview” and select item 3.5 ,,Closed-loop control with | controller”.

Click , Start”.

Task 8.

Change the set point to 2 (1000/min). What will happen?

[ill Engine_l_controller = S|

Engine speed control with | controller
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The engine speed is slowly increased by the | controller. The actual value reaches the set point after a
long period of time.
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Task 9.
Click ,,Reset”.
Change the time constant Ti to 1 and specify a set point step from 0 to 2 (1000/min).

What will happen?

1l Engine I controller = i S|
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By reducing the integration time to 1, the control loop begins to oscillate. However, the actual value
reaches the set point after a period of time.
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9.2.4 Closed-loop Control with Pl Controller
Go to,,Overview” and select item 3.6 ,Closed-loop control with Pl controller”.

Click , Start”.

Task 10.

Keep the preset parameters:

Gain K=4, Reset time Ti = 5.

Change the set point from 0 to 2 (1000/min).

Observe the settling behavior.

[} Engine_PLcontroller = e
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The actual value (controlled variable, engine speed) of the control loop with the PI controller and the
set parameters reaches the new set point (reference variable, set point speed) without overshooting.

The value for the control quality reaches 0.28.

Since the set point has been changed, this is about the investigation of the command response.
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Task 11.
Investigate the disturbance response.
When the control loop has settled, change the load from 0% to 20%.

Observe the behavior.

(il Engine_PI_controller l = [
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The greater load causes the engine speed to decrease. The controller tries to counteract this and
increases the engine voltage. After a short settling phase, the actual value reaches the set point
again.

Since the control loop reacts to a change in the disturbance value, one speaks of disturbance
response in this case.
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Task 12.

Click ,,Reset”.

Set the controller parameters to gain K =50 and reset time Ti = 0.5.
Enter a set point step from 0 to 2 (1000 rpm).

Observe the behavior.
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The control loop becomes unstable with these controller parameters. The actual value (controlled
variable, engine speed) fluctuates around the set point (reference variable, set point speed)

With these controller parameters, the Pl controller is not suitable for this control loop.
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The number in the box labeled "Control quality" indicates a value about the quality of the steady-

Task 13.

state control loop. The smaller the number, the faster the control loop has settled, i.e. the actual
value has reached the set point and is no longer changing.

Try to reduce the value for the control quality by adjusting the controller parameters.
With the controller parameters K =4 and Ti = 5, a control quality of 0.28 was achieved.

In order for the control quality to be comparable in all tests, the tests must be started with the same
initial states. The best way to do this is to click "Reset". Set point speed (set point), engine speed
(controlled variable), control signal (engine voltage) and disturbance (load) receive their initial values
again.

Change the controller parameters and then set the set point to 2 (1000/min). Wait until the control
loop has settled.
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With the parameters K=5 and Ti = 2, for example, a control quality of 0.2 is achieved.
Carry out the experiments with further controller parameters:

e C(Click Reset

e Set the controller parameters

e Setset pointto 2

e Wait until the control loop has settled.

In order to achieve an aperiodic settling response (without overshoot), you can use the preset
parameter values.
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Go to,,Overview” and select item 3.7 ,,Closed-loop control with PID controller”.

9.2.5 Closed-loop Control with PID Controller

Click , Start”.

Task 14.

Investigate the command response with the preset parameters:
Gain K =4, reset time Ti = 5, derivative time Td = 2.

Change the set point to 2 (1000/min).

Observe the behavior.

[l Engine_PID contraller = [
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‘ Start H Stop H Reset ‘

The control loop goes into a stable state with a small overshoot. The actual value reaches the set
point.

As can be seen in the trend diagram, the sudden change in the set point causes a peak in the control
signal. This peak is triggered by the D component of the controller. The derivation of a sudden
change causes an (infinitely) large value.

The control quality reaches 0.51 and is therefore worse than with the Pl controller with the
parameters K=4 and Ti=5.

Note on the trend display with the PID controller:

In the trend display it can happen that the peak is not shown. You can, however, see that the peak is
present via "Evaluation" (display of the stored signal values) and selection of a corresponding time
range.
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Task 15.

Investigate the disturbance response with the preset parameters:

Gain K =4, reset time Ti = 5, derivative time Td = 2.

Set the target speed to 2 (1000/min) and wait until the control loop has settled.

Change the load from 0% to 20%.

Observe the behavior.
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The controller controls the disturbance without overshooting.

Task 16.

Carry out tests for the command response with further controller parameters in order to improve the
control quality:

e C(Click ,Reset”

e Set the controller parameters

e Set the set point to 2 (1000/min)

e Wait until the control loop has settled.
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[l Engine_PID_controller =) X
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With the parameters gain K = 6, reset time Ti = 3 and derivate time = 1, you get, for example, a
control quality of 0.29.

Info:

In practice, the Pl controller is most common. If a PID controller is used, the D component is often
turned off so that the controller only works as a Pl controller.

One of the reasons for this is that the D behavior in a control loop is difficult to assess. In
principle, the D component gives you the option of making the control faster (which is often very
difficult, however).

The D component considers the change between the set point and the actual value. If the change
increases, i.e. the difference between the set point and actual value increases, the D component
adds a calculated value to the control signal. If the difference between the set point and the
actual value decreases, the D component subtracts a calculated value from the control signal. In
principle, the D component takes into account the trend, whether the difference between the set
point and actual value is increasing or decreasing. If the difference increases, the D component
amplifies the control signal; if the difference between the set point and actual value decreases,
the control signal is reduced.
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9.3 Controlled System
For engine speed control, select item 3.3 "Examine controlled system".

The engine speed system is a controlled system with self-regulation. In the event of a sudden change

in the control signal, the actual value (controlled variable) settles to a constant value after a finite
time.

Task 17.

Click “Start” and increase the control signal by 1V wait a moment and increase again. Observe the
engine speed behavior (controlled variable).
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MG Soll ™" Sefpoint motor speed 0.00 1000/min
MG_Ist Actual motor speed 4.20 1000/min
MG_Last Total load motor-generator 0.00 %
MG_Eingang Control value motor speed 7.00 V
Strecke untersuchen
Messung Nr. 1 (Standardmessung, 1°0.050 s) Speicherzeit: 170.050 s
Messungsbeginn: Mi 08.12.2021 15:32:33 Ende: Mi 08.12.2021 15:34:37
6.00 --------q---- - eeemeee- I BEEE e

4.80

I8

420

3.60

3.00

2.40

1.80

1.20

0.60 +--

0.00 ; ; ;
Mi 08.12.2021 15:32:33.000 Mi 08.12. 15:33:35.000

Mi 08.12.2021 15:34:37.000
Close
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The behavior of the engine speed is the same over the entire range from 0V to 10V.

The system is not dependent on the operating point. This is not the case for all systems.

If the system behavior is different, the control loop behavior will also be different depending on the
operating point. For this reason, it must always be taken into account in these systems at which
operating point the control is to be operated.

9.4 Controller Tuning Rules

In order to use the controller tuning rules, e.g. according to Chien/Hrones/Reswick, the controlled
systems must be examined.

A unit step is given to the input signal of the system (control signal of the controlled system). The
behavior of the output signal of the system (actual signal, controlled variable) must then be
measured.

For the controller tuning rules for systems with self-regulation, the parameters Tu, Tg and Ks must be
determined as shown in the figure below.

It means:
Te = Tu = Delay time
Tb = Tg = Compensation time

Ks = Gain

LAY A

F 3
v
F 3
v

Tu Tg

In the new standard, the delay time is designated with Te, the compensation time with Tb and the
turning point with P.

Since the terms Tu and Tg are still used in most of the literature, we keep the old terms here, or use
both.

The parameters Ks, Tg and Tu can be determined from this step response, as shown in the figure
above. The controlled system’s gain Ks (final value of the actual variable) results from the abrupt
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change in the control signal by 1. If the amount of change is greater, you have to divide the resulting
system’s gain value by the amount the control step value in order to obtain Ks.

It means:
Te = Tu = Delay time
Tb = Tg = Compensation time

Ks = Gain

With the help of these three parameters, the controller parameters can then be determined from
the setting table according to Chien / Hrones / Reswick:

Table 6: Equations to calculate controller parameters according to Chien/Hrones/Reswick

Quality criteria
Controller With 20 % Overshoot Aperiodic case
Disturbance Command Disturbance Command
07 T 07 T 03 T 03 T
P sz_._g sz_._g sz_._g sz_._g
KS TU KS TU KS TU KS TU
07 T 06 T 06 T 035 T
sz_._g sz—._g sz_,_g sz—._g
Pl Ks Ty Ks Ty Ks Ty K¢ Ty
T,=23-Ty T, =T, T,~=4-Ty T,~12-T,
1.2 T 095 T 095 T 06 T
sz_._g Pz_._g sz___g sz—-—g
Ks Ty Ks Ty Ks Ty Ks Ty
PID
T,~2-Ty T, ~ 135 Ty T, ~24-T, T, =T,
T, ~042-T, T, ~ 047 -T, |TV~042-Ty, T, ~ 05T,
. . Ty . 1
For systems without self-regulation use instead of .
(KsTy ) (Kis'Ty )

The table was taken from: E. Samal, Grundriss der praktischen Regelungstechnik, Oldenbourg

Please note that according to the new standard, the following terms are used:

Tu=Te, Tg=Tb
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For the engine speed system, select point 3.3 "Examine controlled system”.
Task 18.
Click ,,Start“ and increase the control signal (engine voltage) to 1V.

Wait until the controlled variable (engine speed) has settled.

il Engine_examine_system = X

Examine engine speed system

Load

Engine voltage Engine speed Load % z

10 V 0.60 1000/min 50 Engine Engine

voltage speed

Evaluation

1000/min % [] wend stap v
6 0 0

g

wn

w
|HIHIHI|\IHIIHI‘HIHIHllHIHIHIlIIIHIHI‘HIIHHI|

-

Y

-

]

06 [ Engine speed 1000/min Load 3 Engine voltage V 10

== ] @

Continue >>

[l Engine_measurement = 2 |

] b | e 2] B

MG_Soll Setpoint motor speed 0.00 1.00 1000/min
“"t Actual motor speed 0.00 0.70 1000/min
MG_Last "~ Total load motor-generator 0.00 2000 %
MG_Eingang Control value motor speed 0.00 1.20 V
Strecke untersuchen
Messung Nr. 1 (Standardmessung, 1*0.050 s) Speicherzeit: 170.050 s

0.21
0144 Efn,uﬁ L s
: /et = 0.2210 1000/minss | | ; ; ;
Y% St S S S SO S S R —
0.00 ; ' ‘
Do 09.12.2021 08:13:40.000 dt: 00:00:14.250 Do 09.12.2021 08:13:54.250

Close
<[ v

By clicking on "Evaluation" you will get the saved signal curves.
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With the help of the button bar at the top, you can change time and display sections. Try to zoom in
on the area of interest. Click on the signal name "MG_Ist" (actual motor speed) and examine the

signal course of the blue signal. Try to determine the gradient of the engine speed curve at the
turning point by drag and drop.

The gradient of the tangent at the turning point can be read approximately from the curve shown
above: dx/dt =0.22 1000/min/s.

After the sudden change in the control signal from 0V to 1V, the engine speed goes from 0 to 0.6
(1000/min).

This enables the compensation time Tg to be calculated:
dx/dt = (end value — start value) / Tg, so

Tg=(0,6-0)/0,22=2,727s

Since we entered a step height of 1V for the control signal, the engine speed increased from 0 to 0.6,
therefore Ks = 0.6.

Ks=0,6

The delay time Tu can be measured and is approximately 0,3s.
Also: Te=Tu=0,3s Th=Tg=2,727s Ks =0,6

By inserting the values in the table, we get for the Pl controller:

Pl controller

Command response with 20% overshoot

K=0,6%Tb/ (Ks*Te) 9,09
Tn=Tb 2,73

Command response aperiodic
K =0,35*Tb / (Ks*Te) 5,30
Tn=12*Tb 3,27

Disturbance response with 20% overshoot
K=0,7*Tb / (Ks*Te) 10,61
Th=2,3*Te 0,69

Disturbance response aperiodic

K=0,6*Tb/ (Ks*Te) 9,09
Tn=4*Te 1,20
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With these controller parameters, the following control loop behavior results with a reference step

of the set point speed from 0 to 2 (1000/min)
I ] Engine PI_contraller = =23 =

Engine speed control with Pl controller

Setpoint Actuzl value Control deviation
6 6 6
5
Engine voltage Engine speed Load % 5 5 a
33 vV 2.00 1000/min 50 3
a 4 2
1
@ ) ’ :
-1
2 -2
5_5 -3
1 1 =4
-5
0 o -6
20 20 oo
1000/min %%
5 —
(#) Auto. control 3
(") Manual control 5 E
Control quality a _%
021 3
35
:
»>»
K: 9.1 E|
Ti (Tn): 27 13
oS g o
20 20 0 Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 33
[ oo [rmm | [oocomaan] (oo | [ | @ [[oom ][] o ]

L

Figure 50: Command response with 20% overshoot

) Engine_P1_controller = S

Engine speed control with PI controller
Setpoint Actual value Control deviation
6 6 6
5
Engine voltage Engine speed Load % 5 5 4
33 ¥ 2.00 1000/min 50 3
4 4 2
1
=g * * e
il
2 2 £
— -3
1 1 -4
-5
0 0 -6
20 20 00
1000/min % [] Trend stop v
6 10
(#) Auto. control ] H : : : H H H H |
OManuaIchtrol 5 ' ‘ ‘ ‘ ' ' ' ' ‘ s
H | | | H H H i 8
H 1 ; ; ; H [ S R ;
Contral quality a 7
oz 5 1 1 1 5 5 5 B
E : - ; ; I ; : ; E S
| e
> B 5 ‘ ‘ ; | i 5 E |-
e 3 : e : : : : : :
Ti (Tn): 33 1 H | | 1 H H H H |
H | | | H H H H f 1
o B o | ; ; ; | : : : : B
20 20 ] Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 3.3
(o [ o [ ron | [ooomne] [ oo | [ | @ [ oo |[omomen | [ o

Figure 51: Command response aperiodic
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For the disturbance the load was set from 0% to 20%.

il Engine Pl contraller

Setpoint Actual value Control deviation
6 6 6
5
Engine voltage Engine speed Load % 5 5 4
37 vV 2.00 1000/min 50 3
- a 4 2
75 q
3 3 o
-1
P
o 100 2 2 -2
-3
00 % 1 1 i
-5
o o -6
20 20 00
1000/min [] Trend stop
6
(#) Auto. control :
OManuaIchtrol 5
Control quality a
0.28
3
»> B
K 106
Ti (Tn): 07 1
o 0—_I
20 20 20 Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 37
(o [ o [ ron | [ooomne] [ oo | [ | @ [ oo |[omomen | [ o

L

Figure 52: Disturbance response with 20% overshoot

[ Engine_PI_controller

ol with PI controller

Setpaint Actual value Control deviation
3 3 3
5
Engine voltage Engine speed Load % 5 5 4
37V 2.00 1000/min 50 3
. = 4 4 2
1
" 3 3 0
-1
2
0 100 2 2 -2
-3
00 % 1 1 -4
-5
o o -
20 20 0.0
1000/min
(#) Auto. control &
") Manual control
5
Control quality 2
0.29
3
»> B
K: 9.1
Ti (Tn): 12 1
o o—
20 20 20 Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 37
o] e [rem | [oocsmce] [ o | [ | @ [ ] (o] [[owmes

L

Figure 53: Disturbance response aperiodic
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According to the table, the following parameters result for the PID controller:

PID controller

Command response with 20% overshoot
K=0,95*Tb / (Ks*Te)

Tn=1,35*Tb

Td=0,47 * Te

Command response aperiodic
K=0,6*Tb / (Ks*Te)

Tn=Tb

Td=0,5*Te

Disturbance response with 20% overshoot
K=1,2*Tb / (Ks*Te)

Tn=2*Te

Td=0,42 * Te

Disturbance response aperiodic
K =0,95*Tb / (Ks*Te)
Tn=2,4*Te

Td=0,42 * Te
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With these controller parameters, the following control loop behavior results with a reference step

of the set point speed from 0 to 2 (1000/min).

The derivative time was taken as 0.5s, as the entry is limited to 0.5s

-
[ Engine_PID_controller

Engine speed control with PID controller

Engine voltage V 33

Control deviation

EE
0.0

L R U R |

LT R I - =

Setpaint Actual value
3 3
Engine voltage Engine speed Load % 5 5
33 V 2.00 1000/min 50
4 4
@l ’ ’
2 2
L
1 1
0 0
20 20
1000/min % [] Trend stop
(#) Auto. control & :
() Manual control 5
Control quality 2
020
3
[
K. 144
Ti {Tn): 37 1
Td (Tw). 05 Ef
o—=gp o
20 20 0 Setp. speed 1000/min Engine speed 1000/min Load %
| Start | | Stop | | Reset | | Block structure | Evaluation ‘ ‘ Print ‘ @ ‘ << Back | ‘ Continue >>

Overview

Figure 54: Command response with 20% overshoot

i Engine_PID_controller

Engine speed control with PID controller

Setpoint Actual value Control deviation
6 6 6
5
Engine voltage Engine speed Load % 5 5 4
33V 2.00 1000/min 50 3
4 4 2
1
@' ’ ’ :
-1
2 2 -2
<)
1 1 4
-5
0 0 -6
0 20 0.0
1000/min % [] Trend Stop v
3 100 — 10
(#) Auto. control j : : !
(") Manual control . # ¢
80 H f 8
Control quality s 70 7
0.21 60 i i 6
3 50 , ------------------------------------------------------------------- 5
o : E .
2 0 f
»> D i E .-
K: %1 ;
- H 2
Ti (Tn): 27 1 i
Td (T): 05 3 ; 1
o g o =0
20 20 1] Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage ¥V 3.3
| Start | | Stop | | Reset | | Block structure | Evaluation ‘ ‘ Print ‘ @ ‘ << Back | ‘ Continue >> | Qverview

Figure 55: Command response aperiodic
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i} Engine PID _controller

09.12.2021

o 6

Engine speed control with PID controller

Setpoint Actual value Control deviation
6 6 6
5
Engine voltage Engine speed Load % 5 5 4
37 vV 2.00 1000/min 50 3
- a 4 2
75 q
3 3 o
-1
P
[1] 100 2 2 -2
-3
00 % 1 1 4
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o o -6
20 20 00
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i 8
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o 3 3
3 : 5
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b 3
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Figure 56: Disturbance response with 20% overshoot

[ Engine_PID_controller = ]
Engine speed control with PID controller
Setpoint Actual value Control deviation
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5
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- - 4 4 2
1
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-1
e
0 100 2 2 -2
L 3
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5
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20 20 00
1000/min v
6 10
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f 8
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022 ; 6
5
.l
»> B’ / 3
K: 144 :
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L

Figure 57: Disturbance response aperiodic
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9.5 Assessment of the Controller Tuning Rules

Controller tuning rules are empirically determined methods that are often suitable for calculating
good controller parameters by rule of thumb.

The settings for calculating controller parameters distinguish between disturbance and command
response. Different controller parameters are calculated.

If you need controller parameters for both cases (disturbance and control behavior), you have to
make a compromise between the calculated parameters of the disturbance behavior and the control
behavior.

The above examples show that a reasonable control loop behavior can be obtained with the
calculated controller parameters. However, the behavior does not exactly correspond to the
expected behavior as selected in the table.

The fact that the system has not settled exactly aperiodically or with 20% overshoot is also due to the
fact that the control signal has partially reached its limit and the time constants could not be
determined exactly.

But in the examples and tasks of the engine speed system shown above, the controller parameters
proposed by Chien/Hrones/Reswick were well suited for sensible control.
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If you would like to have more information about our other practical courses or about the WinErs
process control and simulation system (SCADA system), please contact:

Ingenieurbiiro Dr.-Ing. Schoop GmbH
Riechelmannweg 4

D-21109 Hamburg

Tel.: +49 40 754 922 30
www.schoop.de

Email: info@schoop.de
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