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1 Introduction Control Training |/l

With the Control Training | / 1l the behavior of controlled systems, controllers and
control loops can be examined on simulated systems.
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2 Controller Behavior, Control Training I/Il

Here you can examine the behavior of the P, I, Pl and PID controllers.
The controller examinations are the same for both trainings.

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

2.1 P Controller

Select in Control Training | or Il under controller behavior the P controller (item 1.1 or
item 7.1)

The P controller works like an amplifier.

Task 1.

Press “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 cannot output negative
values. Therefore, only the value O is displayed for y in the trend display.
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2.2 | Controller
For controller behavior, select the | controller (item 1.2 or 7.2)
The | controller works like an integrator.

An integrator has the following behavior:

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

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

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

Task 2.

.Press “Start”.

Set the controller parameter "Integral time" (Reset time) to 1.

Enter e = 1 (difference between setpoint and actual value) for the control deviation.
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.
Press “Start”.
Set the controller parameter "Integral time" to 1 (Reset time).
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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(i} TestIcontroller

Controller behaviour | controller
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Since input e of the controller previously had the value 0O, output y was constant. After
input e was set to -1, output y began to decrease. It falls constantly 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.

(il TestI controller
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With input e = 1, output y begins to increase more slowly by a factor of 10 than in the

previous tasks. If e = 0 the output remains constant. If the input is negative, the
output falls with a 10x slower factor.

The slope of the output y depends on the reset time. The slope of 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 begins to increase the enlargement factor more
quickly. The same applies if the input is negative.

As can be seen from these tasks, the I controller behaves like an integrator. If its
input is positive, the output begins to rise continuously. If the input is zero, the output
retains its value. If the input is negative, the output begins to decrease continuously.

Conclusion:

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

This follows from the fact that the | controller only outputs a constant value when its
input e is equal to 0. The input of the controller is the difference between the setpoint
and the actual value, i.e. only if the actual value is equal to the setpoint, the input e is
equal to 0.

12
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2.3 Pl Controller

For controller behavior, select the PI controller (item 1.3 or 7.3)
The output of the PI controller is calculated using the following formula:

y(t)=K -(e(t)+_|_i-.|';e(r)-dr) K = Gain, Ti = Reset time
I

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

Task 6.

Press “Start”.

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

Observe the behavior.

@ Test PI controller = )
Controller behaviour Pl controller
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You will get roughly the following trend display for e and y.
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The investigation of the time behavior of the PI controller is shown in the figure
above. First, a jump from 0 to 10 was given to input e of the PI controller. The input

signal e (brown signal, control difference) went from 0 to 10. Since the gain of the PI
controller was set to 2, the output signal y immediately assumed the value 20.

The reset time Ti (Tn) of the | component initially had the value 10. The gain 2 results
in a total time constant of 10/2 = 5. The output signal y (blue signal, manipulated
variable, control signal) rises evenly and continuously and therefore reaches after
10s a value increased by 20 (jump e to 10).

The reset time Ti was adjusted from 10 to 20. The rise of the output signal y now
takes place more slowly because the time constant is now 20/2 = 10. With the time
constant 10, the output reaches the value 1 after 10 seconds with an input jump of 1.
Since we have specified an input jump of e = 10, output y increases by 10 after 10
seconds.

Then the input signal e was switched to 0. The P component then immediately goes
to 0, i.e. the output signal y immediately decreases by 20. The | component of the PI
controller retains its value, so that from this point in time a constant value is output
that is 20 less than the value of the output signal at the switching point.

This was followed by a jump from e to -10. By gain 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

Under controller behavior select the PID controller (item 1.4 or 7.4)
The output y of the PID controller is calculated using the following formula:

: K=Gain, Ti=Resettime,
y(t) =K - (e(t) + 1, It e(r)-dr+T, -e(t)) ain I eset time
T Td = Derivative time

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

Task 7.

Press “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.

[ Test PID controller = )
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In the figure above, a jump was given to the input of the PID controller. The input
signal e (brown signal, control difference) went from 0 to 10. The D component of the

PID controller immediately switches a peak to the output signal y, since the derivative
of a sudden change in the input signal approaches infinity.

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

The D component is no longer effective because there is no change in the input
signal e.

The reset time Ti of the PID controller was set to 10s. Since the gain of 2 also affects
the | component of the PID controller, the overall time constant is 10/2 = 5. The
output signal y (blue signal, manipulated variable, control signal) increases steadily
and continuously and after 10s it reaches a level 20 higher value (input jump e = 10).

After a few seconds the reset time was changed from 10 to 20. The rise of the output
signal y now takes place more slowly because the time constant is now 20/2 = 10.
This means that with an input jump of 1, the output reaches the value 1 after 10
seconds. Since we entered an input jump of e = 10, output y increases by 10 after 10
seconds.

Then the input signal e was switched to 0. Due to the sudden change in the input
signal, the D component of the PID controller acts again immediately and the output
signal y received a peak downwards. The P component immediately went to 0, which
made the output signal y 20 smaller.

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

Then there was a jump from e to -10. The D component caused a negative peak and
the output signal suddenly decreased by 20 after the peak. The | component then
decreases continuously with the reset time Ti.

By adjusting the reset time to 10s, the speed of decreasing was doubled.

The D component of the PID controller reacted three times in this example, namely
always when the input signal e 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 between the setpoint and the actual value.

16
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In Control Trainin Il under controller behavior, select the three-point controller
(item.1.5).

The three-point controller is a discontinuous controller that can output three states as
a control signal. Depending on the difference between the setpoint and the actual
value, one signal, the other signal or no signal is switched to the output.

2.5 Three-Posion Controller

An example of the use of a three-point 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 setpoint,
neither heating nor cooling takes place.

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

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

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

Press the arrow to the right of the “Stop” button. Wait until the control error has
reached approximately 50. Then press the arrow to the left of “Stop”.

Let the control error e run to approximately -50 and then press the right arrow again.
Watch 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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{ Test three-position centroller = )
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After pressing the arrow next to the "Stop" button, the control error e slowly begins to
increase continuously.

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

If the arrow to the left of the “Stop” button is pressed, the control error e slowly and
continuously decreases.

Only when the control error e is smaller than the set hysteresis of 5 does the control
signal y jump to 0.

If the control error e falls below the value -10 (threshold), the control signal y jumps to
its minimum value -1.

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

The control signal y therefore assumes the values -1, 0, 1, depending on the control
error (difference between setpoint and actual value), the set "threshold" and
"hysteresis" and the direction (increase or decrease) from which the control error e
comes.
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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 setpoint. The heating output is the input variable
(manipulated 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 I, select item 2.1 "Uncontrolled system".

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

Task 1.

Set the setpoint (reference variable) to 22°C and try to bring the actual value
(controlled variable, Inside temp.) to the setpoint (Setp. Temp.) by adjusting the
heating output (control signal, Heating).

[l Temperature uncontrolled = — 3|
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If the setpoint is adjusted and an attempt is made to bring the actual value (controlled

variable) back to the new setpoint (reference variable), we speak of the command
response.

Task 2.
Open the window, set the window opening to 20%.
What will happen ?

il Temperature uncontrolled =]
Temperature system uncontrolled
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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 bring the internal temperature back to the setpoint of
22°C by adjusting the heating power.

il Temperature uncontrolled =]
Temperature system uncontrolled
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Due to the external disturbance, an attempt must be made to bring the actual value
(controlled variable) back to the setpoint (reference variable) by adjusting the heating
output (increasing the heating output).

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 bring the internal temperature back to the setpoint value
of 22°C by adjusting the heating power.

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

What will happen?

il Temperature uncantrolled Sy x|
Temperature system uncontrolled
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As the outside temperature decreases, the inside temperature in the room will get
smaller.
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Task 5.

Try to correct the disturbance caused by the changed outside temperature by
adjusting the heating output.

(i} Temperature uncentrolled =} o

Temperature system uncontrolled

Setpoint®C  Actual value’C  Control deviation °C
35 4 35 35

30 30 30
— E 25
35 - 25 25 20
25 25 20 20 15
. 15 15 10
Inside s 154 15
temperature 5 E 5
tmn e 5 S5 10 10 0
-15 E E -
15 53 s 5]
E -10
Window opening ° ° =k
Outside E| -20
0.00 % e o= 3 o
Heating power "J“““H”“““m 1000/°C 10 -10 I
a E
s2.80 -15 3 -15 -35
220 221 0.1
C °c [] trend stop T % %
35 3 i i . 100
303! : : : : 3 3 : : : IE s
Outside ‘Window
temp. opening
z1 22
Heating ¢ ¢ Inside
power temp.
— System ———P=
¥ x

s 3 : : H H : : H H : E o -
Setp. temp. °C Outside temp. °C Heating %
220 221 Inside temp. °C Window % 104|326 ] 00

| Start ‘ ‘ Stop | | Reset ‘ @ ‘ << Back ‘ ‘ Continue »>

‘ Overview ‘

The internal temperature decreases due to the disturbance occurring from the
outside temperature.

In order to compensate for this disturbance, the heating output must be turned up.
This is again about the disturbance response in the control loop.

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

3.2.1 Closed-loop Control System

Return to ,Overview" and select item 2.2 ,Control System®.
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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 bringing the actual value to the

1] ’ H oC
Press “Start” and set the setpoint to 22°C.
il Temperature controlled = 23|
Temperature system controlled
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With overshoot, the actual value goes to the setpoint after a certain time.

Even if you specify a fault by changing the outside temperature, the controller tries to
bring the actual value back to the setpoint.
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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”.
Press “Start”.

Task 7.

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

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

What will happen?

[l Temperature with P_controller = 23|

Temperature control with P controller
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Block structure Evaluation

‘ Start

[so |[ven

After the settling phase, the actual value (controlled variable) does not reach the
setpoint (reference variable). We get a steady-state control error.

The control error e is defined as e = w - X, with
w = reference variable (setpoint) and x = controlled variable (actual value).

The P controller works like an amplifier. The input signal to the controller w - x
(setpoint - actual value) is amplified with the gain K (in our case 4).

In our case, the setpoint w was set to 22°C. An actual value x of 19.1 ° C was
achieved. The control difference 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 a value
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for the control signal of (22-19.1) * 4 = 11.6. This control signal can also be read in

the process picture.

In general, the following applies: In order for the P-controller to output a control signal
(a heating output) that is not equal to zero, the setpoint and actual value must be
different, i.e. steady state control error.

Task 8.

Change the gain of the P controller from 4 to 20 and wait until the control loop has
settled again.

Il Temperature with P_controller = . |
s Temperature control with P controller
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Block structure Evaluation

The control difference between the setpoint and the actual value becomes
significantly smaller as the gain K is increased from 4 to 20. However, the P controller
does not manage to bring the actual value to the setpoint 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 here how large the control signal
will be.

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

As can be seen from the settling time, the P controller reacts immediately and quickly
to changes in the setpoint and disturbance input. However, we get a steady-state
control error for this system with the P controller.
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Go to "Overview" and select item 2.5 "Closed-loop with | controller".
Press “Start”.

3.2.3 Closed-Loop Control with | Controller

Task 9.

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

Leave the set reset time Ti at 5.

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

Describe the behavior.

il Temperature with [ contraller = X

Temperature control with | controller

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

35 k] 35

30 E 30 0

— E 25

as as 25 E 2 20

25 25 20 E 20 15

B 15 15 F 10

Inside - - 15 F 15

temperature E 5

230 °C = E 10 E 10 o
-15 -15 E -

5 ] s

E -10

Window opening o F° =5

Outside E

000 % e -5 E s -20

i - -25

Heating power [HH””H"”””H-I 15.00 °C -10 F -10 a0

%
2061 15 15 35
220 230 10

*t Tt [] Trend stop % %
(#) Auto. control E| : ;
(") Manual control

Control quality

72.03

Ti: 5.0
-15 At 4
Set point temperature °C Outside temperature °C Heating power %
220 230 [150 Inside temperature *C Window opening % 206 00
‘ Start | ‘ Stop ‘ ‘ Reset ‘ Block structure Evaluation | Print | @) | << Back ‘ | Continue >> ‘ Overview ‘

After a significantly longer settling phase than with the P controller, the actual value
reaches the setpoint with a small overshoot at the set integration time Ti = 5. 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.

Enter a disturbance, change the outside temperature to 10°C.

How does the control loop behave?
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n
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After a longer settling phase, the actual value returns to the setpoint.

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.

Press “Reset” or restart the temperature control with the I-controller.

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

Change the set reset time Ti to 0.5.
Set the setpoint to 22°C and observe the control loop.
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The control loop becomes unstable. The actual value swings continuously around the
setpoint.

In general:

If there is an | component (integrator) in the controller, the controller either manages
to bring the actual value to the setpoint 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 setpoint and actual
value are the same.
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3.2.4 Closed-Loop Control with PI Controller:

Go to "Overview" and select item 2.6 "Closed-loop control with PI controller”.
Press “Start”.

Task 12.

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

Keep the set parameters: K =4, Ti = 5.
Change the setpoint from 15°C to 22°C.
Observe the settling behavior.
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The control loop with the PI controller and the set parameters swings to the setpoint
with a small overshoot. The actual value (controlled variable) reaches the setpoint
(reference variable).

The settling of the control loop by changing the setpoint is referred to as the
command response.
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Task 13.
Examine the disturbance response.

Let the control loop settle to the setpoint 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 output. After a settling
phase, the actual value reaches the setpoint again.

Since the control loop reacts to a change in the disturbance value, we speak of
disturbance response in this case.
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Task 14.

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 setpoint.

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 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 press "Reset". This means that the
setpoint, outside temperature and inside temperature are again given the value 15°C
and the window is closed.

Now change the controller parameters and then adjust the setpoint 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:

Press reset,

Set controller parameters,

Set the setpoint to 22 ° C,

Wait until the control loop has settled.
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Restart the temperature control with the PI controller or press "Reset".

Try to adjust the controller parameters to ensure that the actual value reaches the
setpoint 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

setpoint 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 setpoint
without overshooting.

For example, it may be necessary for a bioreactor that a certain temperature is not
exceeded, because otherwise the cells in the reactor can die.
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Task 16.

Restart the temperature control with the PI controller or press "Reset".
Set the parameters: K = 25, Ti = 0.5, change the setpoint to 22°C.
Watch the control loop.

-
(il Temperature with PI_controller El_‘é-’l
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The system becomes unstable. The actual value swings around the setpoint.

rg Temperature measurement = j‘
‘E‘M‘L}‘Q|m|ﬁ‘]ﬁ‘@>‘h‘5 At the desired time
SRR . following controller

sl ; Set point room temperature 2200 °C e e

T_Innen Room temperature 22.10 °C

T_Aussen Qutside temperature 15.00 °C

T_Pel Heating power 65.30 %

T_Fenster Amount of window opening 000 % P controlier
Messung Nr. 1 (Standardmessung, 1*0.050 s) Speicherzeit: 170.050 s SR 00
Messungsbeginn: Do 28.10.2021 15:38:26 Ende: Do 28.10.2021 15:42:23 Reserame: 050

35.00
30.00
25.00
20.00 1 [l [ ) | [} [} 1 4 3 [ A A
15.00 ’ I l ‘
10.00
5.00
0.00
-5.00 ,
-10.00 I ! ‘ , l J ’
-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
‘ ‘ : :

By pressing "Evaluation” you have the option of evaluating the stored signal curves
and examining the settling behavior.
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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 press "Reset" again, set the controller parameters and then,
for example, set the outside temperature from 15°C to 10°C.

il Temperature with PL controller = — 53
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The control loop with these parameters also becomes unstable for the disturbance
behavior.

In conclusion, it can be said:

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

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

¢ If the parameters are poorly set, the control loop can also 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”.
Press “Start”.

Task 18.

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

Press “Reset” and change the setpoint to 22°C.

(il Temperature with PID_contraller l = [

Temperature control with PID controller
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The control loop goes into a stable state with a small overshoot. The actual value
reaches the setpoint.

As can be seen in the trend diagram, the sudden change in the setpoint causes a
peak in the control signal (heating output). 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 PI 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
Press "Reset" and change the outside temperature to 10°C.

r ™
@l Temperature with PID_controller BN
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In the event of a disturbance, the control loop is controlled with the specified
controller parameters and the actual value (controlled variable) reaches the setpoint
(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.

So that you can compare the experiments, you always have to start from the same
initial states. Therefore press “Reset”, change the controller parameters and then
adjust the setpoint to 22°C.
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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 PI controller can also be carried out
with the PID controller (unstable behavior, aperiodic behavior, etc.).
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In practice, the PI controller is mainly used as a controller. If a PID controller is used,
the D component is often turned away so that the controller only works as a Pl
controller.

Note:

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 setpoint and the actual value. If
the change increases, i.e. the difference between the setpoint and actual value
increases, the D component adds a calculated value to the control signal. If the
change between the setpoint and the actual value becomes smaller, i.e. the
difference between setpoint and actual value decreases, the D component subtracts
a calculated value from the control signal. In principle, the D component takes into
account the trend as to whether the difference between the setpoint and actual value
is increasing or decreasing. If the difference increases, the D component amplifies
the control signal; if the difference between the setpoint and actual value is smaller,
the control signal is reduced.
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For room temperature control, select item 2.3 "Examine controlled system".

3.3 Examine Controlled System

Task 21.

Increase the heating output by 10% each time and wait until the internal temperature
no longer changes.

Observe the temperature behavior.

T = s |
] e[ e b | 0RO

TﬁSoI] Set point room temperature -15.00 3500 °C

T_Innen Room temperature -15.00 3500 °C

T_Aussen Qutside temperature -15.00 35.00 °C

T _Pel Heating power 0.00 100.00 %

T_Fenster Amount of window opening 0.00 100.00 % trecke untersuchen
Messung Nr. 1 (Standardmessung, 1*0.050 s) Speicherzeit: 1*0.050 s
Messungsbeginn: Fr 29.10.2021 11:59:49 Ende: Fr 29.10.2021 12:05:23

35.00 : : ’ )
30.00 t----
25.00 - :
20.00 ;
15.00 f
10.00 f
5.00
0.00 :
-5.00 4 :
-10.00 { i
-15.00 T f T f i
Fr29.10.2021 11:59:49.000 dt: 00:05:24 Fr29.10.2021 12:05:13.000
< " b

As can be seen from the recorded data (press “evaluation”), the System behavior is
similar for the jumps. The actual temperature always rises by approx. 3.5°C when the
heating output jumps 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 room temperature system is a controlled system with self-regulation.

3.4 Controller Tuning Rules

In the event of a sudden change in the control signal, a controlled system with self-
regulation swings 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 output is suddenly adjusted, the temperature returns 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 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 jump in the control signal (sudden change in the control signal by 1):

Ermittiung von T, und T, aus der
Sprungantwort einer Strecke mit Ausgleich

wit)

Wendetangente

Wendepunkt

L

o

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

Gitekriterium
Regler- Uberschwingung nach Gegenseite mit aperiodischer Regelvorgang mit
verhalten 20% von x,,, kiirzeste Schwindungsdauer kiirzester Dauer
Storung Fiithrung Storung Fiihrung
0,7 T, 0,7 T 0,3 448 0,3 T,
K — + —= TR e Gy e i —= R —— e —2
] KP KS Tu Kl KS Tu ) KS ru l KS ]u
0,7 /5 0,6 T 0,6 T, 0,35 7.
Ut LU e O E Ko i B ot 2 L 2B
i KP KS Tu : KS Tu b K.\ Tu s KS Tu
T,=23-T, T,=T, T,=4-T, Ty=1,2:0
1,2 T, 0,95 T, 0,95 48 0,6 T,
= — - £ = —— - 2 Kp=~ — - Kp= — - ==
s K’ KS Tu K| KS Tu > KS 7u : KS ru
T,=2-Tu T,=135-T, T,=2,4-T, T,=T,
T,=~042-T, T,~0,47-T, T,=042T, 7,=05-T,

g

Fiir Regelstrecken ohne Ausgleich ist statt der Ausdruck — einzusetzen.

ST 1y 1IS* Ly

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

Task 22.

For room temperature control, select item 2.3 "Examine controlled system®.

Press “Start”. Enter a jump in the heating output from 0% to 10%.

All signal curves are saved and can be measured and evaluated 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 in the windows, time and value segments can be selected.

B | et ||| 3

Try to set the area of interest for the evaluation with the jump in heating power and
the settling of the internal temperature.
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For example, you can then print out the diagram and measure the curves using a
ruler to determine Te and Th.

i} Temperatur Mezsung = =
B ] | e | by | @ | LE| W] ok | S
T_Soll Sollwert Zimmertemperatur 15.00 1900 °C
TG Zimmerlemperatur 15.00 19.00 °C
T_Aussen AuRentemperatur 15.00 1900 °C
T_Pel Heizleistung 0.00 1500 %
T_Fenster Grad der Fensteroffnung 0.00 10.00 % Strecke uatersuchen
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 7--ommmmmpeoeeeos T Py T I S e S S S ;
18.60
18.20
17.80
17 .40
17.00
16.60
16.20
15.80 4----
15.40
15.00 ; f ; f : i i i
Do 18.02.2021 14:40:03.000 dt: 00:02:19.800 Do 18.02.2021 14:42:22.800
N
4 m L3

@ Temperatur Messung

= Z |

] | | | o [T 42|
T_Soll Sollwert Zimmertemperatur 15.00 1860 °C
(LIRS Zimmertemperatur 15.00 1880 °C
T_Aussen AuRentemperatur 15.00 1860 °C
T_Pel Heizleistung 0.00 1351 %
T_Fenster Grad der Fensteroffnung 0.00 9.00 %
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
17.88
17.52
17.16
16.80
16.44 ~
16.08
15.72
it = 00:00:01.400
y=0.29C
Iy/dt = 0.2072 °C/s
15.00 + ; f ; f : i i i
Do 18.02.2021 14:40:12.000 dt: 00:01:24.800 Do 18.02.2021 14:41:36.800
« T

Schliefen
2

Strecke untersuchen

It is also possible to measure the values in the diagram. To do this, click on the blue
signal "T_innen". Click on the blue curve to get the associated measured value and
time. By holding and pulling, the time and value difference as well as the slope are
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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 output 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)) / Tq, i.e.
Tg =(18,5°C — 15°C) / 0,207°C/s = 16,91s

Ks results from:
Ks = (End value(T) — Start value(T)) / Jump height(Heating output)

=(18,5°C - 15°C) / 10% = 0,35°C/%

The delay time Tu can be measured and is approximately 1.3s.
So: Te=Tu=13s 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¥Tb / (Ks*Te) 22,30
Tn=Tb 16,91

Command response aperiodic
K=0,35*Tb / (Ks*Te) 13,01
Tn=1,2*Tb 20,29

Disturbance response 20% overshoot
K=0,7*Tb / (Ks*Te) 26,02
Tn=23*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.
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The selected parameters result in the following settling response for the Pl controller
with a setpoint jump from 15°C to 20°C:
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Command response aperiodic
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A steady control loop with setpoint 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:

1l Temperature with PI_controller =

Temperature control with Pl controller
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Disturbance response 20% overshoot
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Disturbance response aperiodic
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The following parameters result for the PID controller:

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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(il Temperature with PID_controller El_‘g

Temperature control with PID controller
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Command response 20% overshoot
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Command response aperiodic

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.
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il Temperature with PID_controller

Temperature control with PID controller

Set point*C Actual value°C  Control deviation °C
35 4
30
35 35 25 —;
25 = 203
N 15 15 E
Inside 5 15
temperature s E
200 °C = 5 10
15 . E
15 53
‘Window opening 07;
Outside E|
000 % temp 53
Heating power 10.00 °C -10 —f
2833 % s _E
200
't Tt ¢ [[] trend stop
(#) Auto. control 353 ' '
") Manual control 303 ; :
253 : :
» 20 ;
Control quality !
15
0.04
[ SR —
:
0
K: a6 s
Ti (Tn): 26 10
Td (Tv): 0.6 15 kg -
Set point temperature °C Outside temperature °C Heating power %
200 200 100 Inside temperature C Window apening % 28.3| 00
‘ Start ‘ | Stop ‘ | Reset | | Block structure ‘ Evaluation ‘ Print ‘ @) | << Back | | Continue >» | ‘ Overview
\

Disturbance response 20% overshoot

{1l Temperature with PID_controller

(#) Auto_ control
(") Manual control

Control quality

35 35
25 25
15
Inside . o
temperature s
200 *¢ = S
15 -15
Window openin
S Outside
000 % ey
Heating power 10.00 °C
2834 %
C D Trend Stop

Actual value °C  Control deviation °C
F 35 F =8
— 30
— 25

200 0.0

0.06
K 353
Ti (Tn): 31
Td (Tv): 06
Set point temperature °C
200 200 100 Inside temperature °C
‘ Start. | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure ‘ Evaluation

%
Heating power % ‘
Window opening % 28.3 | 0.0
| Continue »> ‘ ‘ Overvicw

Disturbance response aperiodic
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Controller tuning rules are empirically determined methods that are often suitable for
calculating thumb values for good controller parameters.

3.5 Assessment of the Controller Tuning Rules

The settings for the controller parameters differentiate 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 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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4 Liquid Level Control (Control Training 1)

At this control system you can give water into a container via inflow. 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 fill 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)
In Control Training I, select item 1.1 "Uncontrolled system".

Press “Start”. You can now change the values for the setpoint value (Setpoint 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 setpoint (reference variable) to 40% and try to bring the actual value
(controlled variable, actual liquid level) to the setpoint (Setpoint liquid level) by
adjusting the control signal (inflow).

@ Liquid level uncontrolled = [t
17.11.2021 A0
155asg Uncontrolled liquid level system 11
e s . Set point Actual value . control devlat;:n
cm
[ 100 200 100 100
80
80 160 80 60
© w
Admission pressure 50 120 50 20
variation
| o
40 80 40 -20
-40
20 a0 20 -60
e *
) 0 (] 0 -100
400 209
% % |:| Trend stop % %
100 ; ; ; 100
s - 75
Admission pressure Outflow
izl ¢PI
Inflow Liquid Level - 50
—_— System
¥ x
I 25
0 : H L o
Set point liquid level % Inflow %
400 Actual liquid level % Outflow % 304 | 300
e e T
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Only when the inflow is the same 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 setpoint.

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

Task 2.
Change outflow to 20%.
What will happen?

[l Liguid level uncontrolled = X
17112021 0 .
T Uncontrolled liquid level system 11
300 Ifs . Set point Actualva\ue% Control de\rla::n
cm
=] 100 200 100 100
80
80 150 80 &0
© w
Admission pressure 60 120 60 20
variation
o
40 80 40 I -20
-10
o 20 40 20 60
200 |,

\l'[/ \_}L_/ /s 80
L o ] o -100

400

% % |:| Trend stop % %
100 0 0 0 ~ 100
Frecy ~ 75
Admission pressure Outflow
in ¢PI
Inflow Liquid Level ~ 50
System
¥ x
T I N N N N D N R
o- : : : : : L o
Set point liquid level % Inflow %
400 Actual liquid level % Outflow % 300|200
‘ Print | | @' | ‘ << Back Continue > ‘ | Overview |

The level begins to rise continuously, as 10l/s (10%) more flows in than out.
(Inflow = 30l/s, outflow = 20l/s)
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Try to bring the level back to the setpoint of 40% by adjusting the inflow.

[ Liquid level uncontrolled =) X
17.11.2021 S
e Uncontrolled liquid level system 11
200 Ifs . Set point Actual value . Control devla::n
cm
=] 100 200 100 100
80
20 160 20 50
© o
Admission pressure 50 120 50 20
variation
- 0
40 80 40 20
-40
1F0C1 }y 20 40 20 &0
\;r/ 200 |

\IT/ /s 80
L) o 0 o -100

400 405

% % |:| Trend stop % %
100 : : -~ 100
Admission pressure Outflow r e
in ¢PI
Inflow Liquid Level - 50
System
¥ x
= NI I e
o : : : : : F
Set point liquid level % Inflows %
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 become exactly as large as the outflow so that the fill level no
longer changes.

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 bringing the actual value to the
setpoint.

Task 4.
Press ,Start” and set the setpoint to 40%.

{ Liquid-level control =) X
17.11.2021 A
16:09.08 Controlled liquid level system 12
301 Ifs Set point  Actual value Control deviation
% cm % %
LT 100 200 100 100
30
30 160 80 60
® o
P S | 3 . e
variation
-— 0
a0 80 a0 20
-ap
FC
20 a0 20 50
101 300 Ifs
-80
} o 0 0 -100
00
% % D Trend stop % %
100 - - - - —— 100
Admission pressure Outflow -
z1 Pl
Set point Inflow Actual
liquid level liquid level
- so
Controller P System 2
o e 7 x »»
L 25 .
1} ; : : el
Set point liquid level % Inflow %
400 Actual liquid level % Qutflow % 299 300
‘ Print | | @' | ‘ << Back Continue >> ‘ | Overview |

With overshoot, the actual value goes to the setpoint after a certain time.

Even if you specify a disturbance by changing the outflow, the controller tries to bring
the actual value back to the setpoint.
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Task 5.

Change outflow to 20%.
What will happen?

[l Liguid-level contral l = ]
17112021 - -
R Controlled liquid level system 12
188 Ifs Setpoint  Actual value Control deviation
% cm % %
L 100 200 100 100
80
80 160 80 60
© w©
Admission pressure 50 120 50 20
variation
i o
40 B0 40 -20
-40
FC
20 40 20 -60
101 200 Ifs
-80
[ I
o o ] -100
00
% % [ Trend stop % %
100 0 T T — 100
Admission pressure Outflow
z1 Pl
Set point Inflow Actual
liquid level liquid level
Controller P System -
w4 e ¥ ®
e T L
Set point liquid level 5% Inflow %
Sl Actual liquid level % Outflow % 188|200
‘ Print ‘ ‘ @' | | << Back Continue >» | | Overview |

The level begins to rise.

The controller tries to bring the actual value back to the setpoint by reducing the
inflow. When the system has settled (the level no longer changes and the actual
value has reached the setpoint), the inflow must be exactly the same as the outflow
(20l/s).
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Go to ,Overview" and select item 1.4 ,Closed-loop control with P controller*.
Press ,Start".

4.2.2 Closed-loop Control with P Controller

Task 6.

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

[ Liquid level with P controller = )
e Liquid level control with P controller 14
300 Ifs Setpoint  Actual value Control deviation
% cm % %
100 200 100 100
80
1 80 160 80 60
® =
PR | = " H,
variation u .
40 80 40 20
-40
g 20 20 20 60
300 I/s
-80
L% 0 0 0 -100
400

% % [ trend stop [] manual contrel % %
100 ; ; : :

Control quality
1493

75

Contr. parameters

50—

Gain 2.0 .
. 25 ~ 25
[:} i H i o
Set point liquid level % Actuating signal %
200 Actual liquid level % Outflows | 3001300
‘ Start | Stop | | Analysis | ‘ Parameters Print ‘ ‘ @' | | <= Back Continue > | | Overview |

After the settling phase, the actual value (controlled variable) does not reach the
setpoint (reference variable). We get a steady-state control error.

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

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

Reason:

The P controller works like an amplifier. The input signal to the controller w - x
(setpoint - 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 setpoint 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
30l/s.
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Task 7.

Change the gain of the P controller from 2 to 10 and then wait until the control loop
system is settled.

v
[l Liquid level with P controller l = &J
17.11.2021 T o
ATEE Liquid level control with P controller 14
300 Ifs Set point Actual value Control deviation
% cm % %
100 200 100 100
80
g 80 160 80 60
® w
Admission pressure 50 120 60 20
variation
» 0
40 80 40 -20
-40
| 20 40 20 -60
101 300 Ifs
-80
L 0 0 0 -100
40.0
% % [] Trend stop [[] manual control % %

Control quality
9365

Contr. parameters

50

Gain 100

25 - 25
Block structure
o : : : : Lo
set point liquid level % Actuating signal %
EH; Actual liquid level % Qutflow % SO

‘ Start I Stop | ‘ Analysis || Parameters Print || @ | ‘ << Back Continue »» H Overview |

The control difference between the setpoint 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 bring the actual value to the setpoint here either. For the reason
described above, we also get a albeit significantly smaller, steady state control error
(e =w—x).

In our case the setpoint w was set to 40% and the 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. So that
the system has settled (the level remains constant), the inflow must be the same as
the 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 signal 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 20lI/s.
What will happen?
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i Liquid level with P controller =) = 73 |
18.11.2021 P o
PETES Liquid level control with P controller 14
0 e Setpoint  Actual value Control deviation
% cm % %
100 200 100 100
80
80 160 80 60
® o
PR od L, - -
variation
— (]
a0 80 40 -20
-0
Fc 20 40 20 60
101 200 Ifs
-80
L% 0 o 0 -100
40.0
% % D Trend stop D Manual control % %
100 — : ; — 100
Control quality
L S L | T S S T S A
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Contr. parameters
- so
Gain 10.0
25
|
o-! : : : : 0
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400 Actual liquid level % Outflows | 200|200
‘ Start | Stop | | Analysis ‘ ‘ Parameters Print ‘ | | ‘ << Back Continue » ‘ ‘ Overview ‘

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 setpoint and disturbance input. However, we get a steady-state
control error for this system with the P controller.
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Go to ,Overview* and select item 1.5 ,Closed-loop control with | controller®.
Press ,Start".

4.2.3 Closed-loop Control with I Controller

Task 9.
Change setpoint to 40%.
What will happen?

i Liquid level with I contraller = i
18.11.2021 - - -
e Liquid level control with | controller 15
491 I/s Set point Actual value Control deviation
% cm % %
100 200 100 100
80
80 160 80 60
® w0
101 P
L1 J Admission pressure 50 120 50 20
variation
[
40 80 40 -20
-40
rC 20 40 20 -60
101 300 I/s
-80
L o o ) -100
[a00 614 [214]
% % [ rend stop [ manual control % %

Control quality
5990

Contr. parameters

Res. time [s0

Block structure i o
Set point liquid level % Inflows %
40.0 Actual liquid level % Outflow % 465 | 300
‘ Start | Stop | | Analysis ‘ ‘ Parameters Print ‘ | ? | ‘ << Back Continue »» ‘ ‘ Overview ‘

The control loop system begins to carry out a continuous oscillation. The actual value
oscillates around the setpoint.

Even if the integration time changes, the control loop remains unstable, as does a
change in the disturbance signal (outflow).
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[} Liguid level with I controller = 2|
1 Measurement liquid level =N Ech <= "
FZHSGIT™ """ 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 Qutflow from container 0.000 100.000 lis
Measurement No. 1 (Standardmessung, 1*0.050 s) Storage time: 1°0.050 s
Start measurement: Do 18.11.2021 12:38:09 End: Do 18.11.2021 12:40:51
100.000 ;
90.000 -
80.000 —
70.000 -
60.000 |
50.000 - ;
40.000 / : /
30.000 :
20.000 —{-
10.000 -
0.000 : 1 1 1 : i ;
Do 18.11.2021 12:38:09.000 dt: 00:02:42 De 18.11.2021 12:40:61.000
I E TN AR AN ame | b
I I L x T T TT T T 1 I T —‘

The | controller is not able to control the controlled system.
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Go to ,,Overview" and select item 1.6 ,Closed-loop control with PI controller*.
Press ,Start".

4.2.4 Closed-loop Control with Pl Controller

Task 10.

Keep the set parameters:

Gain K = 2, Reset time Ti = 10.
Change the setpoint to 40%.
Observe the settling behavior.

[} Liguid level with PI controller = i
18.11.2021 - . -
181116 Liquid level control with Pl controller 16
301 /s Setpoint  Actual value Control deviation

% %

cm %
L] 100 200 100 100
30
80 160 30 50
O w0
Admission pressure 60 120 60 20
variation
]
40 80 40 -20
20
£ FC N 20 a0 20 =
0 o
398

\F/ Lﬂl’xl_/ 300 /s

o

400
% % [ rend stop [] manual control % %

100 o ; ; ; ; ; ; ; ; ; - 100
Contrel quality

56.9
754 — 75
Contr. parameters
50 4 — 50
Gain 2.0 . .
Reset fime 10.0 ‘ ‘
25 - 25
Block structure H
o-/— : : : Lo
=) Set point liquid level % Inflow %
cal) Actual ligquid level % Outflow % 30.1 300
‘ Start | Stop | | Analysis ‘ ‘ Parameters. Print ‘ | t? | ‘ << Back Continue >> ‘ ‘ Overview ‘

The control loop with the PI controller and the set parameters swings to the setpoint
with a small overshoot. The actual value (controlled variable) reaches the setpoint
(reference variable).

The settling of the control loop by changing the setpoint 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.

[ Liquid level with PI controller = — 5|
18.11.2021 Y A
e Liquid level control with Pl controller 16
201 Ifs Set point Actual value Control deviation
% cm % %
{ k 100 200 100 100
80
1 80 160 80 60
O 2
Admission pressure 60 120 50 20
variation
0
a0 80 40 -20
-0
J.FDCJ. 20 40 20 -60
\F/ E/ 200 s o
L o o o -100
400 39.9
% % [ rend stop [ manual control % %
100 : : : : : : : : : - 100
Control quality :
13
75 - ' - 75
Contr. parameters R R [ R [ P R
50 : : : : 3 : : : : i s
Gain 2.0 . H + —_— H H H H R H
Reset fime 10.0 .
25+ f : : 3 : : : : H
AN N N N SR RN N N N |
o-! : : : : : : : : : Lo
] Set point liquid level % Inflow %
c1) Actual ligquid level % Outflow % 201200
‘ Start | Stop. | | Analysis ‘ ‘ Parameters Print ‘ | [ | ‘ =< Back Continue = ‘ ‘ Overview ‘

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 setpoint
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 setpoint.

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.

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 press "Stop" and then “Start”. This
means that the setpoint, the level and the outflow are again given the initial values.
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Now change the controller parameters and then adjust the setpoint to 40%. Wait until
the control loop has settled.

i Liquid level with PI controller =] 3|
18.11.2021 - . .
153003 Liquid level control with Pl controller 16
m Setpoint  Actual value Control deviation
% cm % %
L ¥ 100 200 100 100
20
20 160 20 50
® w
adnission ressure o E o o 0
variation
]
a0 80 40 -20
-40
lFDCl 20 40 20 )
300 |,
\]T/ I/ /s 50
L o 0 o -100
400 200
% % [] Trend stop. [] manual control % %
100 4 : ; ; ~ 100
Contral quality :
404 :
754 ~ 75
Contr. parameters . "'i"'"""':r"""""i ---------- i""""":r"""""i ---------- i""""":r"""""i
I so
Gain 40.0 . . ______________________________
Reset time 2.0 4 a
L 25
Block structure
: Lo
Inflow %
400 Actual liquid level % Outflows | 300300
‘ Start | Stop | | Analysis ‘ ‘ Parameters. ‘ Print ‘ | @ | ‘ =< Back Continue >> ‘ ‘ Overview ‘

With the parameters K = 40 und Ti = 2 a control quality of 40,4 was obtained.

Carry out the experiments with further controller parameters:

Press ,Stop“ and ,Start again,

Set controller parameters,

Set the setpoint to 40%,

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.
[l Liquid level with PI controller = ——

18.11.2021 S q
P Liquid level control with PI controller 16
0 Setpoint  Actual value Control deviation
% cm % %
100 200 100 e 100
E a0
= 80 160 80 E &0
® E w
P o E - =
variation =
E o
40 80 40 E -0
E -a0
1FDCJ. 20 a0 20 E &0
R 0 0 0 ]
200
% % [ 7rend stop [] manual control % %
100 - . ~ 100
Control quality :
404
- s
Contr. parameters
- so
Gain 500
Reset time 10 ‘ ‘
I os
: : : : : : : S-S
,— Set point liquid level % Inflow %
Sl Actual liquid level % Outflow % 300|300
‘ Start | Stop | ‘ i || [ ‘ ‘ Print H [ | | << Back | e H T — |

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

@ Liquid level with PI controller (eIl
18112021 P .
135700 Liquid level control with Pl controller 16
301 I/s Setpoint  Actual value Control deviation
% cm % %
¥ 100 200 100 100
80
L 80 160 80 60
® %
variation
o
a0 80 40 -20
-40
1FD°1 20 40 20 50
L,)Z/ 300 IJs -
L o 0 0 -100
[200 [a00] [oo]
% % [] Trend stop. [] manual control % %
100 o v i i v - 100
Control quality
669
- 7s
Contr. parameters
- s0
Gain 2.0
Reset time 20.0
e K |
|
o : : : ‘Lo
Set point liquid level % Inflow %
300, Actual liquid level % Outflow % 301 | 300
‘ Start | Stop | | Analysis ‘ ‘ Parameters ‘ ‘ Print ‘ | @‘ | ‘ << Back | Continue >> ‘ ‘ Overview ‘

With the parameters K = 2 and Ti = 20 you get an aperiodic response.
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4.2.5 Closed-loop Control with PID Controller

Go to ,,Overview" and select item Punkt 1.7 ,Closed-loop control with PID-controller*.
Press ,Start".

Task 13.

Examine the command response with the preset parameters.
Gain K = 2, Reset time Ti = 10, Derivative time Td = 1
Change setpoint to 40%.

Observe the behavior.

@ Liquid level with PID controller (eIl
18.11.2021 - - .
1sasa3 Liquid level control with PID controller 17
302 Ifs Set point Actual value Control deviation
% cm % %
100 200 100 100
80
d 80 160 80 60
® %
Admission pressure o s ) ap
variation
[s]
40 80 40 -20
-a0
1 20 40 20 -60
300 Ifs o
) o i} i} -100
400
% % D Trend stop D Manual centrol % %
100 4 0 0 0 0 0 0 0 0 0 - 100

Control quality
60.6

Contr. parameters,

Gain 2.0
Reset time 10.0
Aate time 10 [ 25 - a
Block structure H H
0 e : : : : : : e [:}
Set point liquid level % Inflow %
400 Actual liquid level % Outflow % 302|300

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

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

As can be seen in the trend diagram, the sudden change in the setpoint causes a
peak in the control signal (heating output). 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 PI 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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Task 14.

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:

e Press “Stop” and “Start” again
e Change the controller parameters
e Adjust the setpoint to 40%
e Wait until the control loop system has settled.
4 Liquid level with PID controller =) e S|
18.11.2021 - - .
SETERT Liquid level control with PID controller 17
300 Ifs Set point Actual value Control deviation
% cm % %
| ' 100 200 100 100
o | N -
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40 80 40 -20
-40
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\F/ uﬂlxl_/ 300 Ifs 0
L) o o o -100
200 20.0
% % D Trend stop D Manual control % %
100 4 0 0 T 0 0 - 100
Control quality :
a4 || | IS TS AT R MO
754 ; ~ 75
B . S S I 1 — S b
,_ 50— ' ! ' ' i ~ 50
Gain 29.0 H | H h H I —
Resettime | 3.0 »>» Sy P Y
Rate time [T10 25 - : : H : ' H : ' : - 2s - e
% TN S N S| V08 |V N S I N T
int liquid level il
[400 300] i wdieen outious 300 300
‘ Start | Stop | | Analysis | | Parameters ‘ Print ‘ | @v | ‘ << Back Continue »> ‘ ‘ Overview ‘

With the controller parameters K =29, Ti =3 and Td = 1 you get a control quality of
40.4 for example.

66



Ingenieurbiiro
/ Dr.-Ing. Schoop

Go to ,Overview" and select item 1.8 ,Closed-loop control with two-pos. controller*.
Press ,Start".

4.2.6 Closed-loop Control with Two-position-Controller

Task 15.

Investigate the command response with the preset parameter:
Hysteresis =5

[ Liquid level with two-pasition controller =) = 73 |
18.11.2021 . . . age
ST Liquid level control with two-position controller 18
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Hysteresis T O . : : ; : : I N I N . BN
» ; ! L7 4 ~17 SNAT NS AT L/
25 : - 25 -
|
(4 : o
Set point liquid level % Inflow %
40.0 Actual liquid level % Outflows  11000]300
‘ Start | Stop | | e ‘ ‘ [E—— s ‘ | [ | ‘ << Back e ‘ ‘ T ‘

The level (actual value) oscillates around the setpoint. The size 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
100lI/s - 30l/s = 70l/s, while the outflow volume (valve at 0%) is only 30l/s.
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In practice, the PI controller is mainly used as a controller. If a PID controller is used,
the D component is often turned away so that the controller only works as a Pl
controller.

Note:

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 setpoint and the actual value. If
the change increases, i.e. the difference between the setpoint and actual value
increases, the D component adds a calculated value to the control signal. If the
change between the setpoint and actual value becomes smaller, i.e. the difference
between setpoint and actual value decreases, the D component subtracts a
calculated value from the control signal. In principle, the D component takes into
account the trend as to whether the difference between the setpoint and actual value
is increasing or decreasing. If the difference increases, the D component amplifies
the control signal; if the difference between the setpoint and actual value gets
smaller, 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.

Aufgabe 1:
Press ,Start® and set inflow to 40%.

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

Observe the level behavior.

i Fallstand Strecke = i

18.11.2021 - - -
141445 Examine liquid level controlled system 13

400 I/s

/"I]‘\ Admission pressure Outflow

21 Pl
: Inflow Liquid Level
Admission pressure — System
variation
v X
P

\]T/ \i/ 300 Ifs

% [] Trend stop % %
100 : : : : : : ; : : — 100

75

50

25
o : : : : : : : : L o
Actual liquid level % Inflow %
Outflow % 400 [ 300
el 00000 |00 |

Because the inflow is greater than the outflow, the level begins to rise until the
container overflows.
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In order to use controller tuning rules, e.g. according to Chien/Hrones/Reswick, the
controlled system must be examined.

4.4 Controller Tuning Rules

A unit jump is given to the input signal of the controlled system (control signal). 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

Ermittiung von T, und T, aus der
Sprungantwort einer Strecke mit Ausgleich

wit) |

Wendetangente

Wendepunkt

L

=

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:

wit) T

AW

Al

Ao
At

s

Here you can define Kis as the gradient of the tangent 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 Delay timet
Tg=Ti Compensation time
Ks Gain
Kis Gain of controlled system without self-regulation

You can then calculate the controller parameters from the setting table according to
Chien / Hrones / Reswick:
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Gitekriterium
Regler- Uberschwingung nach Gegenseite mit aperiodischer Regelvorgang mit
verhalten 20% von x,,,, kiirzeste Schwindungsdauer kiirzester Dauer
Storung Fihrung Storung Filihrung
0,7 1 0,7 T 0,3 T, 0,3 T,
%y PRI IR LT ®m ST
0,7 T 0,6 e 0,6 T, 0,35 T,
= e —= SR e Ko~ — . == Ko 8
2 KP KS Tu KI KS Tu " KS Tu ; KS Tu
T,=2,3-T, T,=T, T,=4-T, Tz 12sd;
1,2 T, 0,95 T 0,95 T, 0,6 T,
By e o B sy B2 _& PO il QS b Kosims o2 wi 8
EP. RS v R EmCRCIH TR L .| ¢ Al 2T
T,=2-Tu Tw=535-T; T,=2,4-T, ;=1
T,=0,42-T, T,=~0,47-T, T,=0,42T, T,=0,5-T,

. 2 T,
Fur Regelstrecken ohne Ausgleich ist statt ——5? der Ausdruck
S 1S™ Lu

einzusetzen.

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

For controlled systems without self-regulation you have to use the expression

1/(Kis*Tu) in the table instead of the expression Tg/(Ks*Tu) and replace the time
constant Tg with Ti = 1/Kis.

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 jump of
1%, a jump of 10% is used here.

In the case of the liquid level system, the jump 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.

Press ,Start” and set inflow to 40%.

The inflow must be selected greater than 30% because the outflow is set to 30%.
Press "Analysis" and try to measure the recorded system behavior.

i Fallstand Strecke = P
i Measurement liquid level [= = =] |,
F_Hsoll Set point level control 0.000 100.000 % F
TFZHTTTTTTTTTTTTTTT T petual liquid level 0.000 100.000 %
F_Qzu_§ Actuating signal level control 0.000 100.000 %
F_Qab Qutflow from container 0.000 100.000 s
Measurement No. 1 (Standardmessung, 1*0.050 s) Storage time: 1°0.050 s
Start measurement: Do 18.11.2021 14:46:44 End: Do 18.11.2021 14:48:12
100.000 :

70.000 -

50.000

40.000 —--

30.000

20.00

10.000 +---

0.000 f t f f 1
Do 18.11.2021 14:46:44.000 dt: 00:01:48 Do 18.11.2021 14:48:32.000

eI I TE YA RN awe | |

With the help of the button bar in the windows, time and value segments can be
selected.

| | ke

ANENIIEE

@ ¢ |3‘

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

The gradient of the straight line is approximately 1%/s. Since the jump difference was
10% (40% - 30%), Kis as the gradient of the tangent on a unit jump 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% overschoot
K=0,6*1/ (Kis*Te) 3,00
Tn=Tbh=Ti 10,00

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

Disturbance response with 20% overschoot
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 jump in the setpoint from 0% to 40% the control signal goes into the
upper limit and thus falsifies the settling, only a jump from 0% to 20% is specified.

@ Liquid level with PI controller (eIl
19112021 A A
052700 Liquid level control with Pl controller 16
05 Setpoint  Actual value Control deviation
% em % %
L) 100 200 100 100
20
20 160 20 50
® w
variation
o
a0 30 40 -20
-40
1FD°1 20 0 20 &0
\IT/ j/ 300 /s .
L) o 0 o -100
200
% % [] Trend stop. [] manual control % %
100 : - - - - 100
Control quality :
EEE- I s S R A S R [ R R T
75 - : L 7s
Contr. parameters ;
i ' ' i ' ' i ' - 50
Gain 3.0 | ' ' | H ' | H
Reset time 10.0 ' : : ! : : | : :
R T e
17 Rz
[ : : : : : : : : Lo
Set point liquid level % Inflow %
200 Actual liquid level % Outflow % 299 | 300
‘ Start | Stop | | Analysis ‘ ‘ Parameters ‘ ‘ Print ‘ | @‘ | ‘ << Back Continue >> ‘ ‘ Overview ‘

Command response 20% overshoot
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[} Liquid level with PI contraller

oo ]

19.11.2021 Arfl A
D Liquid level control with Pl controller 16
a0 Setpoint  Actual value Control deviation
% cm %
L] 100 200 100
L 80 160 80
®
pmission ressure | "
variation
40 30 40
L o0 o o
300 /s
L% o 0 0 —
200
% D Manual control % %
- - — 100
Control quality
300
75
Contr. parameters
50
Gain w| | |
Reset time 12.0
s W -
(4 Lo
Set point liquid level % Inflow %
Actual liquid level % Outflow % 28.6 | 300
‘ Start | Stop | | Analysis ‘ ‘ Parameters ‘ Print ‘ | ? | ‘ << Back Continue >> ‘ ‘ Overview ‘
Command response aperiodic
[l Liquid level with PI controller l = | lﬂ
19112021 S A
B Liquid level control with Pl controller 16
N Setpoint  Actual value Control deviation
% em %
e 100 200 100
L 20 160 20
@
admission pressire ol E "
variation
a0 80 40
FC 20 40 20
101 400 Ifs
L) o 0 0
200
% [] manual control % %

Control quality
02

Contr. parameters

Gain [3s
Reset time [ae

Block structure

o- : : Lo
int liquid level fl;
et g vl ouflowss  [9087400
‘ Start | Stop | | Analysis ‘ ‘ Parameters Print ‘ | | ‘ << Back Continue >> ‘ ‘ Overview ‘

Disturbance response with 20% overshoot
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[} Liquid level with PI controller = 25|
19.11.2021 Fy— .
TerER Liquid level control with Pl controller 16
0 s Setpoint  Actual value Control deviation
% cm % %
L 100 200 100 100
80
80 160 80 60
® w
Adrission pressure ol E o 20
variation
0
40 80 40 -20
-40
20 a0 20 -60
\['/ 101 400 I/s 0
[ I ° 0 0 -100
200 200
% % D Trend stop D Manual control % %
100 — : : : : - 100
Control quality
05
75 | - 75
Contr. parameters e e N e N .
509 ! ! ! ! ! ! ! ! ! i %o
Gain EXU N N I | H - H H i H R [ L h ‘ ‘
Reset time 3.0 | A : : : : : : : : :
25 : i : : i : : i : o2
o< : : : : : : : : : 0
Set point liquid level % Inflow %
200 Actual liquid level % Outflow % win] 0D
‘ Start | Stop | | Analysis ‘ ‘ Parameters Print ‘ | ? | ‘ << Back Continue >> ‘ ‘ Overview ‘

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
Tn=1,35*Tb 13,50
Td=0,47 *Te 0,94

Command response aperiodic

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

Disturbance response with 20% overshoot

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

Disturbance response aperiodic

K =0,95 / (Ks*Te) 4,75
Tn=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 = X

19.11.2021 - - -
e Liquid level control with PID controller 17
300 Is Setpoint  Actualvalue Control deviation
) % cm %
L 100 200 100
B 80 160 80
®
pimssion pressae | .
variation
40 80 40
FC 20 40 20
101 300 Ifs
. o 0 0 i
200 200
% %

Control quality
88

754

Contr. parameters:

50 -
Gain 4.8
Resettime 135
Rate time 0.9 25
Block structure |
° liquid level oz
Set point liquid level % Inflow %
200 [200] Actual liquid level % Outflow % 300|300
‘ Start | Stop | ‘ Analysis H Parameters | ‘ Print || @' | ‘ << Back Continue > H Overview |

Command response with 20% overshoot

@ Liquid level with PID controller = i

o Liquid level control with PID controller 17
300 Ifs Set point Actual value Control deviation
% cm % %
[ 100 200 100 100
80
= 80 160 80 60
® =
Admission pressure = m = o
variation
o
40 80 40 20
-a0
f;l 200 11 20 a0 20 -50
-80
L) 0 [} 0 -100
[200°
%% [ Trend stop [] Manual contrel %%

100 4

Contrel quality
137

Contr. parameters

Gain 3.0
Reset time 10.0
Rate time 1.0 25
Block structure
| [:} : i Lo
Set point liquid level % Inflow %
2, Actual liquid level % Outflow % 300|300
‘ Start | Stop | | Analysis H Parameters | Print H @' | | << Back Continue >> || Overview |

Command response aperiodic
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Disturbance response from 30% to 40%:

[l Liquid level with PID controller = X

19.11.2021

Traa0 Liquid level control with PID controller 17
200 Ijs Setpoint  Actual value Control deviation
§ % cm %
| k 100 200 100
= 80 160 80
®
e T od L, -
variation
40 80 40
[, 20 40 20
101 400 Ifs
. o 0 0
200 200
% % D Trend stop D Manual control % %
T T ~ 100
Control quality H H
01
- 75
Contr. parameters:
: i 50
Gain 6.0 H : ‘ ‘
Reset time a0 ; :
Rate time 0.8 25 < : : - 25
Block structure E 3
o- : L o

Set point liquid level % Inflow %

L0y Actual liquid level % Outflow % 400 | 400

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

Disturbance response woth 20% response

r Y
[{l Liquid level with PID controller El_‘g

19.11.2021

= Liquid level control with PID controller 17
400 Ifs Set point Actual value Control deviation
% cm %
! ¥ 100 200 100 E
= 80 160 80
®
Admission pressure 60 120 50
variation
a0 80 40
LFE 20 a0 20
101 400 Ifs
Ll o 0 0
200
% % [] Trend stop [1 manual control % %
0 0 0 ~ 100
Control quality H
01
~ 75
Contr. parameters:
- s0
Gain 48 aa
Reset time 4.8
Rate time 08 25 H — 25
= : : Lo
Set point liquid level %5 Inflow %
200 Actual liquid level % Outflow % 400 | 400
‘ Start | Stop | ‘ Analysis ‘ ‘ Parameters | Print | | @' | ‘ << Back Continue == ‘ | Overview |

Disturbance response aperiodic
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Controller tuning rules are empirically determined methods that are often suitable for
calculating thumb values for good controller parameters.

4.5 Assessment of the Controller Tuning Rules

The settings for the controller parameters differentiate between disturbance and
command behavior. Different controller parameters are calculated.

If you want to cover both cases (disturbance and control behavior) with your
controller parameters, 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 settling 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 Il)

The process involves a pipe with a valve through which water flows at a set pipeline
pressure. The technical control task is to control the flow through the pipeline by
changing the valve position so that the actual flow corresponds reaches the specified
setpoint. The 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 system of the flow control 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)
In control training Il select item 4.1 ,Uncontrolled system®.
Press ,Start".

You can now change the values for the setpoint (Setpoint flow rate I/s), the control
signal (Actuating signal %) and the disturbance signal (Pipeline pressure bar) using
the slider or by entering values below the slider

Task 1.

Set the setpoint (reference variable, Setpoint flow rate I/s) to 4 I/s and try to adjust the
control signal (Actuating signal %) to bring the actual value (controlled variable,
Actual flow rate I/s) to the setpoint (Setpoint flow rate I/s).

(] Uncontrolled Flow Rate System E=] i
19.11.2021 .
151515 Flow rate system with delayed control valve, uncontrolled
Setpoint Ifs Actual value Ifs Control deviation
10 10 — 10
Initial pipeline pressure E
Vslve position 9 9 E e
25  bar 78 % E g g ;7 &
7 7 E a4
L 6 6 = 2
5 5 o
4 4 ~ -2
Flow rate 1L ' ' 3 3 E
40 s = § : ? E e
Pressure difference a . E
1000 E -
- - 0 0 £ -0
500 Ap=pl-p2= 235 mbar
@ Pressure fluctuation a0 20 00

s Vs bar [] trend stop % B

Pipeline Pressure
pressure fluctuation

715 | 775

| Print ‘ 9} << Back ‘

Continue >» ‘ ‘ Overview
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This type of control is known as command input response. The setpoint (reference

variable) is adjusted and an attempt is made to bring the actual value (controlled
variable) back to the new setpoint (reference variable).

With this system it can be observed that the actual valve position lags behind 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 pipeline pressure to 3 bar and try to correct the disturbance by adjusting
the control signal.

@ Uncontrolled Flow Rate System = )
19.11.2021 =
T Flow rate system with delayed control valve, uncontrolled
Setpoint Ifs Actual value Ifs Control deviation
10 10 —
Initial pipeline pressure
Valve position 9 9 - &
3.0 bar 74 % E 8 8 — 6
7 7 o2
\/ 3 6 F 2
5 5 o
4 4 E o
Flow rate L0 ' ' 2 2 B
2 2 E s
1500
S Pressure difference 1 1
1000 E e
0 0 E -10
20 39 0.1

@ Pressure fluctuation 500 Ap=pl-p2= 229 mbar

s Us bar [ Trend Stop w0

Pipeline Pressure
pressure fluctuation

z1 z2
Valve l l Flow

position rate

— System

Setpoint flow rate Ifs Pipeline pressure ba Actuating signal %
Actual flow rate I/s Valve position % 738 | 738

o [o= =] [=] @ v | Lo [ omen
2

As the pipeline pressure increases, the flow 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 lags behind 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 bringing the actual value to the
setpoint.

Task 3.
Press ,Start“ and set the setpoint to 4l/s.
What will happen?

[l Controlled Flow Rate System = i
Setpoint Ifs Actual value Ifs Control deviation
10 10 — 10
Initial pipeline pressure
Valve position 9 9 &
25  bar 78 % E 8 8 &
7 7 E 4
Ry 6 6 ~ 2
5 5 F o
a a 2
Flow rate o ' ' i i E
40 /s 1500 : 2 2 E -6
Pressure difference 1 il E
1000 =
_ _ 0 0 E .10
500 Ap=pl-p2= 239 mbar
0
I/s Ifs bar [] trend stop %
10— 20—, : . : = 100
9 3 B
Pipeline Pressure E 35— iE
pressure fluctuation B—: ;3 80
21 22 73 /| R = A 0
Setpoint Valve l l Flow E| .03 =
flow rate position rate §— El = &0
Controller P System > 5—{ 255 = 0
w e ¥ E 3 =
- [ 3 SEEE E! £ w0
E 20—=) =
3 =l = 30
23 | =
E 1535 =
13 3 = w
o4 10— : - ‘B o
Setpoint flow rate I/ Pipeline
40 40 15 Actual flow rate |fs Actuating signal % 77
[ [ =] [=] @ i [ o |

The actual value (flow rate) goes to the new setpoint (reference variable) after a
certain time without overshooting. This is again a matter of examining the command
response, since the setpoint (reference variable) has been adjusted.

82



Ingenieurbiiro
/ Dr.-Ing. Schoop
Task 4.

Change the pipeline pressure to 3.5 bar.
What will happen?

il Controlled Flow Rate System =] LX)
Flow rate system with delayed control valve, controlled
Setpoint Ifs Actualvalue Ifs  Control deviation
10 10 — 10
Initial pipeline pressure E
Valve position 9 9 E e
E s
35 bar 7% E 8 8 E
7 7 = e
L 6 6 = 2
5 5 o
= 4 4 2
Flow rate 1L ' ' : : N
2 2
40 /s 1500 5 3
Pressure difference . ,
1000 -8
500 Ap=pl-p2= 240 mbar 0 0 E .10
@ Pressure fluctuation
0
s Vs bar [] Trend stop %
10— 20—, - -
53 El
Pipeline Pressure I 355
pressure fluctuation 37: 7:
21 2 73 El 4
Setpoint Valve i i Flow E| 303
flow rate positan rate 56— 3
Controller P System - 5 25— e
w e ¥ x E Ef
L » B =
E 20-3
El
23
E 15
15
o3 10 = - :
Setpoint flow rate I/
40 Rl 35 Actual flow rate Ifs 70
[ [ [ ] [=] @ [ owrier

The flow begins to increase.

The controller tries to bring the actual value (actual flow rate) back to the setpoint 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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Go to ,Overview" and select item 4.4 ,Closed-loop control with P controller*.
Press ,Start".

5.2.2 Closed-loop Control with P Controller

Task 5.

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

@ Flow rate with P controller = X
19.11.2021 -
e Flow rate control with delayed control valve, P controller
Setpoint Ifs Actual value Ifs Control deviation
10 10 — 10
Initial pipeline pressure
Valve position g g - &
25  bar 45 % E 8 8 E®
7 7 s
S 6 6 - 2
5 5 — 0
3 4 = =
Flow rate 4Ll ' ' : 2 E
2 2 E s
1500 F
47 s Pressure difference 1 1
1000 E®
_ _ 0 ] E 10
500 Ap=pl-p2= 45 mbar
0
s Ifs [] Trend stop % %

(#) Auto. control 10 3 ' ' ! ! ' ' ! ! ' TEe

C Manus! contrr E L

Control quality
143.92

Parameters »

K: 200

Setpoint flow rate Ifs Actual flow rate Ifs  Pipeline pressure bar Valve position % Actuating signal %

| Print ‘ @J ‘ << Back H Continue >»
=

40 17 25 454 | 454

Block structure Evaluation

oo ][ [ oo |

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

The steady-state control error is defined as e = w — X, with
w = Reference variable (setpoint) and x = controlled variable (actual signal).

Reason:

The P controller works like an amplifier. The input signal to the controller w - x
(setpoint - 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 setpoint and actual value must be different, i.e. permanent control
difference.

If the controller outputs 0, the valve closes and the flow rate goes to 0.
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The size of the control signal y can be calculated. In the steady state, the actual

value x goes to approximately 1.7 I/s. The setpoint w was set to 4l/s. This results in a
control errorofe=w-x=4-1.7=2.3.

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?

[l] Flow rate with P controller Lo | o ]

19.11.2021

FinE Flow rate control with delayed control valve, P controller

Setpoint Ifs Actual value Ifs Control deviation
10 10 — 10
Initial pipeline pressure

Valve position 9 9 — 8
25 bar B3 % E 8 8 —~ 6
7 7 E
W 6 6 E 2
5 5 — o0
4 4 £ =
Flow rate 2000 ' ' 3 3 E
2 2 -
32 lfs 1500 ~ 6
Pressure difference
1000 1 1 E s
_ - 0 0  -10
500 Ap=pl-p2= 149 mbar
@ Pressure fluctuation 20 s os
0
s s bar DTrand Stop % =
(%) Auto. control 10 40— g . 100
") Manual control B 3 50
EE &0
Control quality 74 -
4826.73 E; o0 . .
LR S 50
> | -] .
» s 20
K 800 q
24 20
14 Ef 10
o4 104 : H H ! i : : : H H B

Setpoint flow rate Ifs Actual flow rate Ifs  Pipeline pressure bar

| Print ‘ e) ‘ << Back ‘
—

oo BN 25 Valve position % Aduating signal %

Block structure Evaluation Continue =>

[ |[ s |[ vem |

The control difference between the setpoint 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 bring the actual value to the setpoint 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 pipeline pressure). A
permanent control difference (steady-state control error) is also obtained for this.
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Task 7.

Change the pipeline pressure to 3.5 bar.
What will happen?

I Flow rate with P controller = LX)
SetpointIfs  Actualvalue Ifs  Centrol deviation
Initial pipeline pressure E
Valve position B B - 8
— 6
35 bar 6l % E 8 8
7 7 E 4
S 6 6 E 2
5 5 E o
4 4 2
Flow rate 2000 ' ' 3 3 4
1500 2 2 .
32 s ) &
Pressure difference 1 1 2
1000 E
- - 0 0 E .10
500 Ap=pl-p2= 157 mbar
@ Pressure fluctuation 0 12 08
0
s s bar [] Trend stop « =
(#) Auto. control 10— 40— : : 100
(") Manual control 9 3 : : ' ' : : : : : i
8] B 25 80
Control quality 74 2o d : : : : : : : ; ; B 70
B 5 3 : | : : : : | : o <l
5 253 ; e I s M poee e [ TE %0
» | ¢ | : : : : : : : 1 ; (E e
» s g ' ' : : : ' : : : {E 30
K: 80.0 E Els : : : ; : : ; ' : :
24 E| 20
14 Ef 10
o4 02 0
40 32 35 Setpoint flow rate Ifs Actual flow rate Ifs  Pipe re bar Valve position % Actuating signal % 514 | 614
| Start ‘ ‘ Stop | | Reset ‘ Block structure Evaluation | Print ‘ @) ‘ << Back ‘ ‘ Continue > ‘ Overview

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 setpoint and disturbance value changes (command
response and disturbance response).
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Go to ,Overview" and select item 4.5 ,Closed-loop control with | controller®.
Press ,Start".

5.2.3 Closed-loop Control with | Controller:

Task 8.
Change setpoint to 4l/s.
What will happen?

4l Flow rate with T controller =] S

19.11.2021

e Flow rate control with delayed control valve, | controller

_/_"\_ Setpoint Ifs  Actuzlvalue I/s  Control deviation
10 10 — 10
Initial pipeline pressure F
Valve position ] ] - &
25 bar 3 % E B 8 :— 6
7 7  a
S 6 6 - o2
5 5 = 0
4 4 2
' 3 3 = 4
Flow rate 2Rl '
13 /s 1500 5 2 2 E -
Pressure difference 1 1 E g
1000 I E
_ _ 0 0 E .10
500 Ap=pl-p2= 26 mbar
(1]
s s bar [] trend stop « =
(#) Auto. control 104 40—, . . 100
(") Manual control %0
B0
Control quality 70
558.81 50
50
- @
5 -
Ti. 5.0
20
10
- o
a0 BB 25 Setpointflow rate I/s  Actual flow rate Ifs Pipeline pressure ba  Valve position % Actuating signal % 558 | 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 setpoint.

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

But even then the settling is very slow.
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[l Flow rate measurement = ﬂh‘
'E|3-£|L:‘ Qlu‘:ﬁ“i|9’|?|d At the desired time

g Ty e o e . following controlier
iSolldurchfluss i Sefpoint flow rate 400 s setup was active

Durchfuss Actual flow rate 326 Is
Leitungsdruck Pipeline pressure 2.50 bar
D_Stellsignal Actuating signal flow rate 6943 %

Ventilstellung Valve position flow rate control 69.36 %

I contraller

Messung Nr. 1 (Standardmessung, 170.050 s) Speicherzeit: 170.050 s

Messungsbeginn: Fr 19.11.2021 17:27:59 Ende: Fr 19.11.2021 17:33:28
10.00 -y [ [ A [ R A A A S e ;

Resettime:5.00s

9.00

8.00

7.00

6.00

5.00

4.00

3.00

2.00 f--

1.00

0.00 ; i i i

Fr 19.11.2021 17:27:59.000 Fr18.11. 17:30:43.500 Fr198.11.2021 17:33:28.000

The | controller is not suitable for this flow control because the settling takes too long.
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Go to ,,Overview" and select item 4.6 ,Closed-loop control with PI controller*.
Press ,Start".

5.2.4 Closed-loop Control with Pl controller:

Task 9.

Keep the set parameters:

Gain K = 20, Reset time Ti = 3.
Change the setpoint to 4l/s.
Observe the settling behavior.

[l] Flow rate with PI controller = it

19.11.20211

e Flow rate control with delayed control valve, Pl controller

Setpoint Ifs Actual value Ifs Control deviation

10 1 — 10
Initial pipeline pressure
Valve position ) 9 = 8
25  bar 78 % E B B EF
7 7 = 4
M 6 6 E 2
5 5 E o
4 4 F 2
' 3 3 E
Flow rate 2000 .
2 2 E -
40 /s 1500 ) 9
Pressure difference
1000 B B E e
- - 0 0 L -10
500 Ap=pl-p2= 240 mbar
0
Ws s bar [] Trend stop - %
(%) Auto. control 10— 20— : : 100

O Manual control

Control quality
17.50

[ramete | - W

K. 200
Ti (Tn). 30

20 40 25 Setpoint flow rate I/s Actual flow rate Ifs  Pipeline pressure bar Valve position % Actuating signal % 77 (777

| Start H Stop || Reset ‘

Block structure

Evaluation

‘ Overview

| Print ‘ @ ‘ << Back ‘ ‘ Continue >>

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

Since the setpoint has been changed, this is about the investigation of the command
response.
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Task 10.

Investigate the disturbance response.

When the control loop has settled to 4l/s, change the pipeline pressure to 3.5 bar and
observe the behavior.

il Flow rate with PI controller = e X
23.112021 q
145555 Flow rate control with delayed control valve, Pl controller
Setpoint Ifs Actual value Ifs Control deviation
10 — 10
Initial pipeline pressure E
Valve position 9 i 8
35  bar L% E 8 ;_ 8 &
7 E- 7 2
N & E- s 2
5 E- s 0
= 4 FE a =
Flow rate B ' ' : E “
40 Ifs 1500 : 2 E-? 3
Pressure difference 2 g ¢
1000 E E
_ _ [ E- o 10
500 Ap=pl-p2= 240 mbar
0
s s bar [ trend stap % %
(%) Auto. control 1o 40— ; ; 100
(") Manual control ¢ 3 %0
5 » 3.5—51 50
Control quality 7 10 I yeY——— o 4l 4
013 5 3 60
5 50
T -
3 30
[ 200
2 20
Ti (Tn): 30
L Ed 10
0 103 : ! : ! : : : : : : °
20 40 35 Setpoint flow rate I/s  Actual flow rate I/s  Pipeline pressure bar  Valve position % Actuating signal % 710 (710
‘ Start ‘ Stop ‘ ‘ Reset Block structure Evaluation | Print @) | << Back ‘ | Continue > ‘ Overview ‘

The higher pipeline 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 setpoint again.

The behavior of the control loop to a change in the disturbance value is referred to as
disturbance response.
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Task 11.

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 setpoint.

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 press "Reset". This means that the
setpoint flow rate, pipeline pressure and actual flow rate are again given the initial
values.

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

il Flow rate with PI controller = e X

23.11.2021

p— Flow rate control with delayed control valve, Pl controller

Setpoint I/s Actual value Ifs Control deviation

10
a0 a

5}

Initial pipeline pressure

Valve position g
25  bar 78 % E 3

200 '

Pressure difference

8

6

4

2

0

=

Flow rate “
-5
-8

40 Ifs

o

© kM oW B N @ w om0

7
&
5
4
3
2
1
0

-10

= |IIH‘HH‘\HI|IIII|IIH‘HH‘\Hllllllll\l\‘l\\l

500 Ap=pl-p2= 240 mbar

s s bar [] trend stop -
il F T ;

(%) Auto. control o 403 BE 100
(") Manual control ¢ ; %0
T (R TSSO SOV SN M S S " -
Contraol quality T 304 70
798 & 50
53 g 25 50
»e - @
3 203 20
k- Er I D T T o Ot S . S
Ti (T 10 : 154 »
1 10
o 10 o
20 40 75 Setpoint flow rate Ifs  Actual flow rate Ifs  Pipeline pressure ba Valve position % Actuating signal % 77 (777

Block structure Evaluation Continue >

‘ Start

| Print

[so |[ven

@) | << Back ‘

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:

Press reset

Set controller parameters

Set the setpoint to 4l/s

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

-

SetpointI/s  Acwalvaluel/s  Control deviation
10 — 10
Initial pipeline pressure E
Valve position 9 = 2 8
25  bar 81 % E 3 ;— B 6
7 E- 7 4
6 E & 7
5 E- 5 0
4 FE a =
Flow rate B ' ' : E? “
a1 Vs 1500 ) 3 E-? D
Pressure difference 3 E .
1000 E E
_ _ 0 E_o -10
500 Ap=pl-pZ= 248 mbar
0
s Iis bar [] trend stop w  w
(%) Auto. control 1o ; ; 100 *
(") Manual control ¢ %0
8 80
Control quality b2 I - T A A O [ 0L d L a e N A 70
818 5 &
s3> s—m--+->——++ e 50
HIL
»e - ookl o
3 : 30
s E i D T T [ e N S A | . . S S
2 20
Ti (Tn): 05
1 10
[ [
20 41 25 Setpoint flow rate I/s  Actual flow rate I/s  Pipeline pressure bar  Valve position % Actuating signal % 258 | 028
[ [ oo | [ | [ oo | [ | @ [[=oea | [mmen | [ oo
[i] Flow rate measurement = é}
‘ﬁlmlblﬁlu‘ﬁlﬁ‘@’l?»‘d At the desired time
e N following controller
(Solldurchfl | Setpoint flow rate 400 Vs setup was active:
Durchfluss Actual flow rate 4.09 s
Leitungsdruck Pipeline pressure 250 bar
D_Stellsignal Actuating signal flow rate 4338 %
- - Pl troll
Ventilstellung Valve position flow rate control 7156 % controlier
Gain: 200.00

Messung Nr. 1 (Standardmessung, 170.050 s)

Speicherzeit: 170.050 s

Resettime: 050 s

Messungsbeginn: Di 23.11.2021 14.54:02
10.00 —-----m-nqeo- T T T

9.00

Ende: Di 23.11.2021 15:45:30

i

8.00 -~

7.00

6.00

5.00

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

-
™ L

In order to achieve an aperiodic
preset parameter values.

response (without overshoot), you can use the
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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®.
Press ,Start".

Task 12.

Investigate the command response with the preset parameters:
Gain K = 10, reset time Ti = 2, derrivative time Td = 0,5
Change setpoint to 4l/s.

What will happen?

@ Flow rate with PID contraller = 3|

Flow rate control with delayed control valve, PID controller

Setpoint Ifs Actual value Ifs Control deviation
10

5}

Initial pipeline pressure

Valve position 9
25  bar 78 % E 3

o0 ' L

Pressure difference

Flow rate

4.0 Ifs

o

s Ifs bar [] wrend stop v a
It i ; : ;

8
6
P
2
0

-2

4

5

B

© kM oWw B WM o@ W om0

7
&
5
4
3
2
1
0

500 Ap=pl-p2= 240 mbar -10

= |HH‘HH‘HII|IIH|HH‘HH‘HIIlIIHlHH‘HH

a0

S

@ Auto. control
O Manual control

Contral quality
30.69

[ramme | > >

K: 100

Ti (Tn) 20

0
9
8
7
6
5
4
3
2
Td (Tv) 05 g
o

Setpoint flow rate I/s  Actual flow rate I/s  Pipeline pressure ba Valve position % Actuating signal %

@J | << Back ‘

40 40 25 777|777

| Print

‘ Start Block structure Evaluation Continue = ‘ Overview ‘

[ow |[rem

The control loop goes aperiodically (without overshoot) into a stable state. The actual
value reaches the setpoint.

As can be seen in the trend diagram, the sudden change in the setpoint 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 PI controller
with the parameters K =20 and 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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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

e Press “Reset”
e Change the controller parameters
e Adjust the setpoint to 4l/s
e Wait until the control loop has settled

[l Flow rate with PID controller

Flow rate control with delayed control valve, PID controller

Initial pipeline pressure

25  bar

Valve position

Flow rate

40 lfs

(o P

Pressure difference

—

Ap=pl-p2= 240 mbar

Setpoint I/s Actualvalue /s Control deviation

10 — 10
9

O koM ow B on oo s om W

8
7
6
5
4
3
2
1
[}

= |HH‘I\Hllllll\lH‘I\HllllllHH‘I\I\lIIII‘H

s Ifs bar
(#) Auto. control 10 403
(") Manual control ] Ed
8 =
Control quali 7 EY
T 30
1119 5 E
el
e | 1
203
3 Ef
K: 200 3
2 El
Ti (Tn): 0.5 153
1
Td (T): 15 EY
0 103+
TR 0 25 Setpoint flow rate I/s  Actual flow rate Ifs  Pipeline pre:
| Start | Stop || Reset Block structure Evaluation | Print

2

Valve position%  Actuating signal 3

%

-3
6
s
2
o
-2
-4
-
B

-10

1|77

‘ << 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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In practice, the PI controller is mainly used as a controller. If a PID controller is used,
the D component is often turned away so that the controller only works as a Pl
controller.

Note:

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 setpoint and the actual value. If
the change increases, i.e. the difference between the setpoint and actual value
increases, the D component adds a calculated value to the control signal. If the
change between the setpoint and actual value becomes smaller, i.e. the difference
between setpoint and actual value decreases, the D component subtracts a
calculated value from the control signal. In principle, the D component takes into
account the trend as to whether the difference between the setpoint and actual value
is increasing or decreasing. If the difference increases, the D component amplifies
the control signal; if the difference between the setpoint and actual value becomes
smaller, the control signal is reduced.
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For flow rate control, choose the item 4.3 ,Examine controlled system®.

5.3 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.

Press ,Start".

Increase the actuating signal by 10% each time after the settling phase.
Observe the flow rate behavior.

@ Examine Flow Rate (o ]

Examine flow rate system with delayed control valve

Pipeline
Initial pipeline pressure il
Valve position i
25  bar 100 % Valve l
position Flow rate
—_— System f——
¥ x
Flow rate 2000
v
e Pressure difference
1000
@ Pressure fluctuation 500 I Ap=pl-p2= 862 mbar
o

Ifs bar [] trend stop
10 20— ;

353

305

L]
g
7
& El
53 e 25 E
2 3
3
2
1
[

204
1.573
1.1:'—EI -
76 25 Flow rate Ifs Pipeline pressure bal Valve position % Actuating signal % 100.0 [100.0
‘ Start | ‘ Stop Reset ‘ @ << Back | | Continue > ‘ Overview
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r
[l Flow rate measurement

|| b b | by e | e Bk 20| 2

Solldurchfluss Setpoint flow rate

Durchfluss Actual flow rate

Leitungsdruck Pipeline pressure
D_Stellsignal Actuating signal flow rate
Ventilstellung Valve position flow rate control

Messung Nr. 1 (Standardmessung, 170.050 s)
Messungsbeginn: Do 25.11.2021 15:29:02
10.00 . : )
9.00 t----
8.00
7.00
6.00 |

5.00

0.00
0.00
1.00
0.00
0.00

10.00
10.00
4.00
100.00
100.00

s
s
bar
%
%

Speicherzeit: 170.050 s
Ende: Do 25.11.2021 15:36:07

4.00

3.00

2.00

1.00 1--

0.00

T T
Do 25.11.2021 15:29:02.000 dt: 00:01:07.750

<

T 1
Do 25.11.2021 15:30:09.750

Strecke untersuchen

r

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 jump 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 around 2l/s (between 1.5l/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 swings to a constant value after a finite time, while with a controlled
system without self-regulation, the controlled variable (actual value) continues to rise.

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

A unit jump is given to the input signal of the system (control signal of the 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-redulation, the parameters
Tu, Tg and Ks are determined as shown in the figure below.

Te = Tu = Delay time
Th = Tg = Compensation time
Ks = Gain

Ermittiung von T, und T, aus der
Sprungantwort einer Strecke mit Ausgleich

wit) |

Wendetangente

Wendepunkt

¥

In the new standard, the delay time is designated with Te, the compensation time
with Th and the point of inflection with P. Since the designations Tu and Tg are still
used in most of the literature, we use both terms.

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:

Gitekriterium
Regler- Uberschwingung nach Gegenseite mit aperiodischer Regelvorgang mit
verhalten 20% von x,,, kiirzeste Schwindungsdauer kiirzester Dauer
Storung Fiihrung Storung Fihrung
0,7 T 0,7 T 0,3 T, 0,3 T,
e DV i R ol g Kime —20 b B
P KP KS Tu KP KS Tu KP KS Tu £ KS Tu
0,7 T 0,6 T, 0,6 T, 0,35 T,
PI Kp= P e B Ko == = N B Kp= . i sl e QS sk ¢
" Ks T, T kg =B YK T, T Ks) < T,
T,=2,3-T, T,=T, T,=4-T, Ti=12sd;
1,2 T, 0,95 1 0,95 T, 0,6 T
PID B ot o=k JE s B B Bops 2 o8 D
oK T, K T, K T Ky T
T,=2-Tu T.=1535-T; T,=24-T, =T
T,=0,42-T, T,=0,47-7T, T,=~042T, 7,=0,5-T,

einzusetzen.

Fur Regelstrecken ohne Ausgleich ist statt LE ¥ der Ausdruck KT
s Lu 1IS" fu

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

Task 15.

Press ,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.

Press "Evaluation" and try to measure the recorded system behavior for the jump to
60%.

[if Flow rate measurement = ih‘
Bt e || [l B3

‘Solldurchfluss ! Setpoint flow rate 0.00 10.00 s
Durchfluss Actual flow rate 0.00 10.00 s
Leitungsdruck Pipeline pressure 1.00 400 bar
D_Stellsignal Actuating signal flow rate 0.00 100.00 %
Ventilstellung Valve position flow rate control 0.00 100.00 % Siecke untersuchen
Messung Nr. 1 (Standardmessung, 1*0.050 s) Speicherzeit: 1%0.050 s
Messungsbeglnn Do 25.11.2021 16:35:11 Ende: Do 25.11.2021 16:36:02
10.00 q----mpmememmees e R b AR e S e :
T e e e e e e e e
T S F S S S S S
L e s EE e e S

B.00

0.00 : ; ; ; ; ; i

; i
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 lw | | A e D

Click on the blue signal (controlled variable, actual flow rate) and try to determine the
gradient of the flow curve by holding and dragging.
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(il Flow rate measurement =] = |

|| b he| G| o8| 1k 6| 20|

Solldurchfluss Setpoint flow rate 1.00 300 Us
{DUTCHfIISS " Actual flow rate 100 3.00 Us
Leitungsdruck Pipeline pressure 1.00 3.00 bar
D_Stellsignal Actuating signal flow rate 3000 7000 %
Ventilstellung Valve position flow rate control 30.00 70.00 % Strecke untersuchen
Messung Nr. 1 (Standardmessung, 170.050 s) Speicherzeit: 170.050 s
Messungsbeginn: Do 25.11.2021 16:35:11 Ende: Do 25.11.2021 16:41:31

3.00 .

2.80

2 60

240

2.20

2.00

1.80

1.60

1.40

1.20

1.00 ] ; : ;

Do 25.11.2021 16:35:31.450 dt: 00:00:07.850 Do 25.11.2021 16:35:39.300
« i b

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 1.5l/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.

So: Te=Tu=0,2s Tbh =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
Tn=12*Th 1,76

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

Distrurbance 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 setpoint jump from Ol/s to 2I/s should be used.

il Flow rate with PI controller = 23|
Flow rate control with delayed control valve, Pl controller
Setpoint Ifs Actual value Ifs Control deviation
10 — 10
Initial pipeline pressure E
Valve position 9 i 8
25  bar 51 % E & E- 8 &
7 E- 7 2
S 6 E- & 2
5 E- s o
4 FE a =
Flow rate B ' ' : E 4
20 s 1500 : 2 E 2 ®
Pressure difference 2 g ¢
1000 E -
_ _ 0 E- o -10
500 Ap=pl-p2= 60 mbar
0
s Ifs bar [] wrend stop v a
(%) Auto. control 1o ; ; ; 100
(") Manual control ¢ %0
8 B0
Caontral quality 7 70
121 . -
5 so 4l
: -
3 30
k: 80.0
2 20
Ti (T} = BB
| L 10
[ 10 [
70 20 75 Setpoint flow rate I/s  Actual flow rate Ifs  Pipeline pressure ba Valve position % Actuating signal % 506 5086
‘ Start ‘ Stop ‘ ‘ Reset Block structure Evaluation | Print @J | << Back ‘ | Continue = ‘ Overview

Command response with 20% overshoot
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[l Flow rate with PI controller

Initial pipeline pressure
Valve position
25  bar 51 % E
Flow rate 2000 '
1 1500
20 s Pressure difference
1000
@ Pressure fluctuation 500 Ap=pl-p2= 60 mbar
o
s /s [] trend stop
(#) Auto. control 10 5 ;
(") Manual control 9 H
8
Control quality 7
145 &
5
:
3
K 46.6 -
> B»’ .
Ti (Tn): 18 15 =
[ 10 -E :
20 20 25 Setpointflow rate Ifs  Actual flow rate I/s
‘ Start | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure ‘ Evaluation | | Print | @

Valve position %

Actual value I/s

Actuating signal %

| << Back ‘

Continue >»

Control deviation
B8
6
2
2
o
-2
-4
-6
-8
-10
00
% £
100
80
B0
70
60
s0 4l <l
40
30
20
10
o
506 | 306
Overview

Command response aperiodic

Disturbance response:

Pipeline pressure from 2,5bar to 3,5bar:

(] Flow rate with PI controller

Setpoint Ifs Actual value Ifs
10 10
Initial pipeline pressure
Valve position <
35  bar % E 8
7
M &
5
4
2000 ' ' g
Flow rate
2
1 1500
a0 0= Pressure difference 1
1000
0
00 Ap=pl-p2= 60 mbar
(®) weseure custin -
0
/s Ifs bar [ trend stop
(%) Auto. control 1o ; ; ; ;
(") Manual control ¢ : : : :
8 H H H
Caontral quality 7 | H
0.01 6 : E
5
:
3
K 933
2
Ti (T} 05
| 1
o
20 20 5 Setpoint flow rate Ifs  Actual flow rate I/s ne Valve position % Actuating
o [ [ ] [roomee] [ | [n] @ [0 |[woomes

Ceontrol deviation
8
6
4
2
o
=
-4
-6
K
-10
00
% %
100
%
B0
70
60
50
» ¥ -
30
20
10
o
® a2z a2
Overview

Disturbance response with 20% obershoot
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.
@ Flow rate with Pl controller =R
25.11.2021 .
. Flow rate control with delayed control valve, Pl controller
Setpoint I/s Actual value Ifs Control deviation
10 — 10
Initizl pipeline pressure E
Valve position g E 9 g
35  bar 44 % E J 5_ g &
7 — 7 4
N & E- s 2
5 S 0
4 E- s =
Flow rate 2000 ' ' 2 E° *
2 E- 2 Z
20 Ifs 1500 § E 3
Pressure difference 7 E_ . 3
1000 E :
- - o = 0 -10
N 500 Ap=pl-p2= 60 mbar
@ Pressure fluctuation 20 20 00
0
/s s bar [[] rend stop % o
(%) Auto. control i 40— ; : ; : ; ; : ; : TE o
(") Manual control 2 | 3 %0
353
8 . 3 BO
Control quality 7 70
001 5 50
5 2.5 el < e 50
: @
3 20 30
k- 800 | | 3 | e
2 20
Ti Ty oz B> 153
| 1 E 10
° 103 : : : : : : : : : : °
20 20 35 Setpoint flow rate I/s Actual flow rate I/s Pipeline pressure ba Valve position % Actuating signal % 227 | 222
‘ Start | ‘ Stop ‘ ‘ Reset ‘ Block structure Evaluation | Print | @ | =< Back ‘ | Continue »> ‘ Overview

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) 126,61
Tn=1,35*Tb 1,98
Td=0,47 * Te 0,09

Command response aperiodic

K=0,6%Tb / (Ks*Te) 79,96
Tn=Tb 1,47
Td=0,5*Te 0,10

Distrubance response with 20% overshoot

K =1,2*Tb / (Ks*Te) 159,93
Th=2*Te 0,40
Td=0,42 * Te 0,08

Distrubance response aperiodic

K=0,95*Tb / (Ks*Te) 126,61
Th=2,4*Te 0,48
Td=0,42 * Te 0,08
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0.2s was taken as derivative time, since the entry is limited to 0.2s

[l Flow rate with PID controller =) S
Flow rate control with delayed control valve, PID co
Setpoint I/s Actual value Ifs Control deviation
10 — 10
Initial pipeline pressure E
Valve position < £ 9 £
25  bar 51 % E & E 8 5
7 B 7 4
S 6 E- & 7
5 E-s 0
4 E- a =
Flow rate =iL ' ' : E *
2 E 2 g
20 Ifs 1500 : E 3
Pressure difference 8 E . g
1000 h
_ - [ 0 -10
500 Ap=pl-p2= 60 mbar
0
s Iis bar [[] Trend stop % o=
(#) Auto. control 0 : 100
(") Manual control ¢ %0
8 80
Control quality 7 70
118 : o
5 so 4l <l
: -
3 30
K 1266
2 20
Ti (Tn}: w BB
1 10
Td [Tvj: 02 | 3
0 10 0
20 20 25 Setpoint flow rate I/s  Actual flow rate I/s Pipeline Valve position % Actuating signal % 506 | 506
e e e e e @ D S

Command response with 20% overshoot

[} Flow rate with PID controller

.
Flow rate control with delayed control valve, PID controller
Setpoint /s Actual value /s Control deviation
10 — 1
Initial pipeline pressure F
Valve position 9 8
25 | bar 51 % E 8 E 6
7 -~ 4
\/‘ 3 ~ 2
5 ~ o
4 -2
' 3 S
Flow rate =T ' E
2 =
20 Iis =0 . e
Pressure difference 1 E
1000 E 8
- - o £ -10
N 500 Ap=pl-p2= 60 mbar
@ Pressure fluctuation 70 20 00
o
s Ifs bar [] Trend Stop .
() Auto. control 0 : 100
(") Manual control 3 %0
8 80
Control quality 7 70
120 & 50
5 so 4l 4l
: ©
3 30
K: BO.O 5 -
Ti (Tn): 15 »> D
1 10
Td (Tv): 0.2 |
o 10— 0
20 20 25 Setpoint flow rate Ifs  Actual flow rate /s eline Valve position % Actuating signal % 506 | 50.6
‘ Start ‘ | Stop ‘ | Reset | ‘ Block structure | Evaluation | ‘ Print ‘ | << Back | | Continue >> | ‘ Overview

Command response aperiodic
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Disturbance response: Pipeline pressure from 2.5bar to 3.5bar.
0.2s was taken as derivative time, since the entry is limited to 0.2s

[l Flow rate with PID controller =) S
ol with delayed control valve, PID co
Setpoint I/s Actual value Ifs Control deviation
10 — 10 10
Initial pipeline pressure E
Valve position < £ 9 £
35 bar 44 % E 2 E- 8 &
7 E 7 2
" & E s 2
5 E-s 0
4 E- a =
Flow rate =iL ' ' : E *
2 — 2 -
20 Ifs 1500 : E 3
Pressure difference N E . 5
1000 E -
_ _ 0 E- o -10
500 Ap=pl-p2= 60 mbar
0
s s bar [] Trend stop -
(#) Auto. control 10 40— T ; ; 100
(") Manual control ¢ %0
8 80
Control quality 7 70
0.00 : 0
5 50
: s
3 30
K: 1599
2 20
Ti (Tn): e I
1 10
Td (Tv): 02 |
o 104 * o
20 20 35 Setpoint flow rate I/s  Actual flow rate I/s Pipeline p Valve position % Actuating signal % 227 |42
e e e e e @ D S

Disturbance response with 20% overshoot

i} Flow rate with PID controller = [t
Setpoint I/s Actual value /s  Control deviation
10 10 E
Initial pipeline pressure E E
Valve position 9 B 2 E 8
35  bar 4y E 8 E s s
7 B 7 E 4
S 6 E & E 2
5 E- s E o
a E- a E 2
' 3 E- s E 2
Flow rate 2000 ' E E
20 s 1500 ) z B 2 E
Pressure difference 1 E . £
1000 E E 8
- - 0 E_ o E 10
) 500 Ap=pl-p2= 60 mbar
(8) rresare ucuon = S
0
s s [] Trend stop o
() Auto. control 10 ; 100
(") Manual control E 20
8 80
Control quality 7 70
0.00 5 &0
5 50
: s
3 30
& 1266
z 20
i (Tn): s BB
Td (T): 02 | 1 10
0 0
20 20 5 Setpoint flow rate Ifs  Actual flow rate Ifs Valve position % Actuating signal % T Ty
‘ Start ‘ | Stop ‘ | Reset | ‘ Block structure | Evaluation | ‘ Print ‘ 9/) | << Back | | Tz | ‘ Tz

Disturbance response aperiodic
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Controller tuning rules are empirically determined methods that are often suitable for
calculating thumb values for good controller parameters.

5.5 Assessment of the Controller Tuning Rules

The settings for the controller parameters differentiate between disturbance and
command behavior. Different controller parameters are calculated.

If you want to cover both cases (disturbance and control behavior) with your
controller parameters, 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 I)

The 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 setpoint. The heating output is the input variable
(manipulated 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 points “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®.
Press ,Start".

You can change the values for the setpoint (Setpoint 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 setpoint temperature to 40°C and then try to bring the actual temperature
(controlled variable) in the container to the setpoint temperature by adjusting the
heating output (control variable).

In this case one speaks of command response. The setpoint is adjusted and an
attempt is made to bring the actual value (controlled variable) back to the new
setpoint (reference variable).
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(i} Temperature uncentrolled — - 53|

29.11.2021 A
TR Uncontrolled instantaneous water heater 31
Setpoint  Actualvalue Control deviation
100 o e e
100 100 P 100
s0 50 90 E =0
200 °¢ E
20 80 E s
0 70 70 E a0
60 60 E 20
50 50 E o
a0 40 E 20
30 30 E- -a0
20 20 F &0
35.4 kW =50 10 10 E a0
0 0 —E- -100
200
o
Inflow-
temperature
z
Heating Tem-
Power perature
——  System
¥ x
[fznm] R 'ttl t: E : : : : : :H i : k\r\:d_ a’_’_
point temperature eating power
Si! Actual temperature °C Inflow temperature °C o | Ay
w7 e e

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

[if Temperature uncontrolled Tt El_lé]

29.11.2021 - - -
L0105 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
B0 80 80
100 70 70 40
60 60 20
50 50 50 o
40 40 -20
o 30 30 -40
329 KW i0s 20 20 -60
i 10 10 -80
0 o -100
00
e o [] rend stop kw T
100 — 0 T— 100
75
Inflow-
temperature
z
Heating power Temperature 50
—W System [P ‘
B x 25
- - - - - o
Set point temperature *C Heating power kW
400 Actual temperature °C Inflow temperature °C 329 | 200
[ e [ % | [ =<sack [ contnue> |[ owriew |

In the picture below you can see that after the change in heating power, the actual
temperature starts to rise later.
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Task 2.

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

Describe the behavior and try to control the disturbance.
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i | e SRR
29.112021 q
10543 Uncontrolled instantaneous water heater 3.1
Setpoint  Actualvalue Control deviation
100 © o o
100 100 100
50 30 30 80
300 °C
80 80 60
o 70 70 40
60 60 20
50 50 1}
a0 40 -20
30 30 -40
20 20 -60
16.2 kW e 10 10 -80
1} 1} -100
w00
C  C D Trend stop kw C
100 o ; — 100
75 - 7s
Inflow-
temperature ||
z 50 -| I so
Heating Tem-
Power perature »p —
——  System -
¥ x 25
] setpoi tt: t: C “Hear : k\r\:t_ a,_’_
point temperature ° eating power
S Actual temperature °C Inflow temperature *C G
Print ‘ | @‘ | ‘ << Back Continue »» ‘ ‘ Overview ‘
i} Temperature uncontrolled Tt =) |
29.11.2021 . g a
T Uncontrolled instantaneous water heater with measuring delay a1
Setpoint  Actual value Control deviation
= o o
100 100 100
00°¢ 90 20 80
80 80 60
100 70 70 40
60 60 20
50 50 50 H o
a0 a0 -20
0 30 30 -a0
20 20 -60
17.9 kw rE
10 10 -80
0 1} -100
400 40.7
e [] rend stop KW T
100 ; — 100
75
Inflow-
temperature
z
Heating power Temperature 50
——P System |——————P» -
u * 25
; : - : L o
Set point temperature °C Heating power kW
400 Actual temperature *C Inflow temperature *C 179|300
e |7 e e

Due to the rising inflow temperature, the internal temperature rises and the heating
output must be reduced. If an attempt is made to regulate a disturbance, this is
referred to as the investigation of the disturbance response.
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6.2 Controlled System

6.2.1 Closed-loop Controlled System
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 controller takes over the task of bringing the actual value to the setpoint.

Task 3.
Press ,Start” and change setpoint to 40°C.

@ Temperature controlled

Pt Controlled instantaneous water heater 32

Set point Actual value Control deviation

LE T i

100 100 100

20 a0 80

80 80 60

70 70 40

60 80 20

50 50 o]

40 40 -20

30 30 -40

20 20 -60

10 10 -80

0 o -100

0.0
“Cc
Set point Heating
temp. Power
Set t‘t :t 'c: H: ting : W
[0 5] ey temamraturec s tmpoatare e [334[200

| =z

Print

<<Back Continue > ‘ |

Overview |

(il Temperature controlled Tt

= [t

29.11.2021 - . .
raras Controlled instantaneous water heater with measuring delay a2
Set point Actual value Control deviation
C c C
100 100 100
90 50 80
80 80 &0
70 70 40
60 60 20
50 50 0
40 40 -20
30 30 -40
20 20 -60
10 10 -80
o o -100
[a00
kw (3
— 100
P [ (VRO O S SRR SRV SRS SRV SN U SR
754 — 75
Set point Heating Actual
temp. Power temp.
—»( ) —b 50 - so
vt [ 3 3
25+ — 25
Set ;l : t 'C‘ Heatis : kew o
point temperature eating power
400 Actual temperature °C Inflow temperature °C 33.4 | 200
[ et [ % | [ <ok | Contue= | [ oueview |
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With a small overshoot, the actual value goes to the setpoint after a certain time in

both cases. The examination of the system for a change in the setpoint (reference
variable) is called command response.

Task 4.
Investigate the disturbance response.

Set the setpoint 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
29112021 A
CAyED Controlled instantaneous water heater 32
Set point Actual value Control deviation
g c c c
100 100 100
=0 %0 a0 80
80 80 80
© 70 70 0
60 80 20
50 50 o
a0 40 -20
30 30 -40
I—I 20 20 60
83 kw 10 10 -80
o o -100
400
T2 [] Trend stop [
100 100
F7s
[ so
—
\ -2
\-\_
Setpoint i ture °C Heati W °
point temperature eating power
300 Actual temperature °C Inflow temperature °C 83 | 350
Start Stop. ‘ Print | ‘ 7S ‘ ‘ << Back Continue > | ‘ Overview ‘
[if Temperature controlled Tt = S|

29.11.2021 . . -
50512 Controlled instantaneous water heater with measuring delay a2
Set point Actual value Control deviation

°C °C °c
100 100 100
a0 e0 80
80 80 80
70 70 40
80 &0 20
50 50 0
40 40 -20
30 30 -40
20 20 -60
10 10 -80
o o -100

00

kw C
— 100
Inflow temp.
- 75
- so
—
\ L 2s
\—.__‘
_Set It te it C Heatil kw 0
point temperature eating power
Kl Actual temperature °C Inflow temperature °C 83 |350
Start Stop ‘ Print | | ? ‘ ‘ << Back Continue >> ‘ | Overview ‘

The internal temperature begins to rise. The controller therefore reduces the heating

output.
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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”
Press ,Start".

Task 5.

Change the setpoint 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 controller — [t
29.11.2021 S
13m0t Temperature control with P controller 34
Setpoint  Actual value Control deviation
B 8E 'c
100 100 100
R a0 20 30
80 80 60
70 70 40
&0 60 20
50 50 - o
40 40 -20
30 30 -a0
20 20 -60
309 °C 10 10 -80
] o -100
00
T @ [] Trend stop [] manual control kw  *C
100 ; ; 0 ; ~ 100
Control quality !
475 :
75
Contr. parameters
- 50
Gain 20 (g |
; : B H ; : H | ; - 2
Block structure | | H H | | H H | f
0 -~ : : : : : : : oo
Set point temperature °C Heating power kW
400 Actual temperature 'C Inflow temperature °C 182 | 200
| Start | Stop | ‘ Analysis | | Parameters Print | | @' ‘ | << Back Continue >» ‘ | Overview |

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

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

w = reference variable (setpoint) and x = controlled variable (actual value).
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il Temperature with P <. Tt = = 53 =
29112021 0 -
Eam Temperature control with P controller (measuring delay) a4

Set point Actual value Control deviation

(= C

200 *C 100 100 100
90 90 80
100 80 80 60
70 70 40
= 50 80 20
50 50 = 0
o 40 40 -20
30 30 -40
309 ‘C 20 20 -60
10 10 80
0 0 -100
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[a00
[[] manual control kw  °C
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50
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. . . . . . i i 25
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| Start | stop || Analysis H Parameters || Ziegler/Nichals || Print | (23 || <<Back Continue > || Overview |

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

If the P controller outputs 0, the heating output 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 setpoint value w = 40°C.

This results in:
Control signaly =K * (w—-x) =2 * (40 — 30,9) = 18,2
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Change the gain of the P controller from 2 to 25 and wait until the control loop has

settled again.

] Temperature with P cantraller

(=] i

29.11.2021 o
153640 Temperature control with P controller 3.4
Setpoint  Actual value Control deviation
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200 °C & S0 E =0
80 80 E 60
70 70 E a0
60 60 E 20
50 50 HE o
40 40 E 20
30 a0 E -0
20 20 F -60
287 °C 10 10 E 80
[:} 1}
kW °C
~ 100
Control quality
53.8
75
Contr. parameters:
50
Gain 25.0 H
; 25
L J
o : : 1o
Set point temperature *C Heating power kW
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@l Temperature with P c. Tt
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v Temperature control with P controller (measuring delay) aa
Setpoint  Actual value Control deviation
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»
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The control difference between the setpoint 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 bring the actual value to the setpoint 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) begins to oscillate much 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 press 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 setpoint 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 | Controller
Go to ,Overview*

Select item 3.5 respectively 4.5 ,Closed-loop control with | controller®.
Press ,Start".

Task 7.
Leave the set integration time Ti at 10. Examine command response.

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

[} Temperature with I controller = i
29.11.2021 .
125208 Temperature control with | controller 35
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After a long settling phase, the actual value reaches the setpoint 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.

(il Temperature with I controller

= )
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After a long settling phase, the actual value returns to the setpoint.
There is also no steady-state control error for the disturbance behavior.
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Task 9.
Restart the temperature control with the I-controller.
Change the set integration time (Res. Time) Ti to 1.

Examine the command response. Change the setpoint to 40°C.
1l Temperature with I contraller = —t3)
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By clicking on "Analysis" you will get the recorded signal curves.
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[ Temperature withIc. Tt =) S
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By clicking on "Analysis" you will get the recorded signal curves.

[l Temperature with Ic. Tt [= = |
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Start measurement: Mo 29.11.2021 14:15:54 End: Mo 29.11.2021 14:18:20
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The control loop for temperature control with/without measurement delay becomes
unstable. The actual value swings continuously around the setpoint.

120



Ingenieurbiiro
/ Dr.-Ing. Schoop
In general:

If there is an | component (integrator) in the controller, the controller either manages
to bring the actual value to the setpoint 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 setpoint and actual
value are the same.
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6.2.4 Closed-loop Control with PI Controller

Go to ,Overview" and select item 3.6 respectively 4.6 ,Closed-loop control with Pl
controller®. Press ,Start".

Task 10.

Set the parameters to K = 2, Ti = 10. Examine the command response
Change the setpoint from 20°C to 40°C.
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The control loop with the PI controller and the set parameters swings to the setpoint

with a small overshoot. The actual value (controlled variable) reaches the setpoint
(reference variable).

Task 11.
Investigate the disturbance response.
Let the control loop settle to the setpoint 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.

(il 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 output. After a settling
phase, the actual value reaches the setpoint 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 setpoint.

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 setpoint jump 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 press “Stop” and then “Start” again.
This means that the setpoint 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 setpoint to 40°C. Wait
until the control loop has settled.
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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.

_
(i Temperature with PLc. Tt = |
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Carry out the experiments with further controller parameters:

Press ,Stop“ and ,Start"

Set controller parameters

Set the setpoint to 40°C

Wait until the control loop has settled

In general:

Since the PI controller has an | component (integrator), it also applies here that the
controller brings the actual value to the setpoint 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 setpoint and actual value
are the same.
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Try to find controller parameters with which the actual value reaches the setpoint
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 setpoint to 40°C.
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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 PI controller.

Try to set the controller parameters so that the control loop becomes unstable.
Enter a setpoint jump from 20°C to 40°C in each case.

[l Temperature with Pl contraller =) S
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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.

[l Temperature with PLc. Tt
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By pressing "Analysis” you have the option of looking at the stored signal curves and
examining the settling behavior.
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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 setpoint of 40°C. Then change the parameters
to gain K =5 and reset time Ti = 1. Enter a fault jump from 20°C to 35°C.
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The control loop with these parameters also becomes unstable for the disturbance
response.

As a conclusion it can be said:

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

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®. Press ,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 setpoint to 40°C.
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The control loop goes into a stable state with a small overshoot. The actual value
reaches the setpoint.

As can be seen in the trend diagram, the sudden change in the setpoint causes a
peak in the control signal (heating output). 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 22.8 respectively 24.4 and is therefore similar to the PI
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 setpoint 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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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 setpoint 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 press “Stop” and “Start” again, change the controller
parameters and then adjust the setpoint to 40°C.

[l Temperature with PID controller

29.11.2021 -
162255 Temperature control with PID controller a7
Setpoint  Actualvalus  Control deviation
q - %
= 100
E a0
E s
E a0
E 20
E o
E 20
E- 40
E 60
E a0
E2E 100
* kw  *C
- 100
Control quality
135
75
Contr. parameters
50
Gain 50
Reset time 150 -
Rate time 2.0 *
Block structure : : : °
Set point temperature °C Heating power kW
400 Actual temperature °C Inflow temperature*C | 33.5 | 200
‘ Start | Stop ‘ ‘ Analysis H Parameters. Print |‘ ? ‘ | << Back Continue >> |‘ Overview |
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@ Temperature with PID c. Tt [E=N )

bt Temperature control with PID controller (measuring delay) a7

setpoint  Actual value Control deviation

C
100 100 i 100

E =
60
0
20
E o
B -20
-30
60

p
&
2
&

LA AR A A B L B I

= -80
E- -100

o
o
\

[400
CERC [ Trend stop [ Manual control kw ¢
100 - : T : : T : T - 7 100
Control quality : : H : : H : H : :
155 X 3 e |
= : H : ' H ' : ' -
Contr. parameters B R e AORCED AEL LR R EL R
50 | \ - so
Gain i -
Reset time 15.0 / 4
Rate time 2.0 =4 - 2
Block structure o] L o
Set point temperature °C Heating power kW
400 Actual temperature °C Inflow temperature °C 335|200

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

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 PI controller can also be carried out
with the PID controller (unstable behavior, aperiodic behavior, etc.).

Note:

In practice, the PI controller is mainly used as a controller. If a PID controller is used,
the D component is often turned away 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 setpoint and the actual value. If
the change increases, i.e. the difference between the setpoint and actual value
increases, the D component adds a calculated value to the control signal. If the
change between the setpoint and actual value becomes smaller, i.e. the difference
between setpoint and actual value decreases, the D component subtracts a
calculated value from the control signal. In principle, the D component takes into
account the trend as to whether the difference between setpoint and actual value is
increasing or decreasing. If the difference increases, the D component amplifies the
control signal; if the difference between the setpoint and actual value becomes
smaller, the control signal is reduced.
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Go to ,Overview" and select item 3.8 respectively 4.8 ,Closed-loop control with two-
pos. controller “. Press ,Start”.

Task 19.

Set the hysteresis to 5. Change the setpoint to 40°C and observe the behavior.

(i} Temperature with 2.p. controller

oy

frotwren Temperature control with two-position controller 38
Set point Actual value Control deviation
C c '
100 100 100
[0 0 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
0 o -100
40.0 451
T kw  *C
— 100
Control quality
Bz N e
~ 75
Contr.parameters: | | | dbeeerememedre b e
50 - - 50
Hysteresis [se » » i i
T
25+ ~ 25
2
Set point temperature °C Heating power ki
[400 [a51] Actuz| temperature °C Inflow temperature°C | 0.0 | 200
‘ Start | Stop ‘ ‘ Analysis ‘ ‘ Parameters Print | ‘ @ ‘ ‘ << Back Continue >> ‘ ‘ Overview |

i} Temperature with 2p. <. Tt

= S

29.11.2021

tesaty Temperature control with two-position controller (measuring delay) 8
Setpoint  Actual value Control deviation
C c c
100 100 P 100
90 90 F— 80
80 80 E &0
70 70 E
50 60 E 20
50 50 HE o
40 20 E -20
30 30 E -0
20 20 E 60
10 10 E -80
0 0 =2E 100
00
* kw  *C
: - r 100
Control quality H :
273 N :
754 E 3 - 75
Contr. parameters R k- -4
50| ; i i [ so
— : | —i : L
Hysteresis 5 e W : : ; T
' ~ ™~
25 - 25
o : ‘ Lo
Set point temperature °C Heating power ki
400 Actual temperature °C Inflow temperature °C 00 |200
‘ Start | Stop ‘ ‘ Anzlysis ‘ ‘ Parameters Print | ‘ ? ‘ | << Back Continue > | ‘ Overview |

The actual temperature (controlled variable) fluctuates around the setpoint. The size
of the oscillation depends on the parameter (hysteresis).
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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.

W Temperature system l = e
if Measurement temperature @ a9
T_TSell T i Set point temperature in container 0.000 100.000 °C —
T Temperature in container 0.000 100.000 °C
T_Pel Electrical power of heater 0.000 100.000 KkwW
T_Tetal Inflow temperature to container 0.000 100.000 °C
Measurement No. 1 (Standardmessung, 1°0.050 s) Storage time: 1°0.050 s
Start measurement: Mo 29.11.2021 16:48:23 End: Mo 29.11.2021 16:59:17
100.000 —---------5---------- e I ERRRREEEl R LRy AERREEERE [RREEER R EELEREELERRERERELE ;
80.000 |
80.000
70.000 -
60.000 | ;
50.000 - : Z
40.000 |
30.000 -
20.000
10.000
0.000 i i i i i i W
Mo 29.11.2021 16:48:23.000 dt: 00:09:14 Mo 29.11.2021 16:57:37.000
4 n r
A, . ﬂ_
B I AT R I e ||
Start | Stop | Print ‘ | L@' | | << Back Continue = | | Overview —|

As can be seen from the recorded data, the behavior of the route during the jumps is
similar. The actual temperature always changes by approx. 6°C when the heating
output 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 manipulated variable (control signal), a
controlled system with self-regulation swings 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 output 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 jump in the control signal (sudden change in the control signal by 1):

Ermittiung von T, und T, aus der
Sprungantwort einer Strecke mit Ausgleich

wit)

Wendetangente

Wendepunkt

L J

o

The parameters Ks, Tg and Tu can be determined from this step response, as shown
in the figure above. The controlled system gain Ks (final value of the actual variable)
results from the abrupt change in the control signal by 1. If you change the control
value larger, you have to divide the resulting gain value of the system by the level of
the control value in order to obtain Ks.
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It means:
Te = Tu = Delay time
Tb = Tg = Compensation tine
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:

Gitekriterium
Regler- Uberschwingung nach Gegenseite mit aperiodischer Regelvorgang mit
verhalten 20% von x,,, kiirzeste Schwindungsdauer kiirzester Dauer
Storung Fiithrung Storung Fiihrung
0,7 T, 0,7 T, 0,3 448 0,3 T,
=~ — . £ = —— = Kp= —/— — Kp= — - =
] KP KS Tu Kl KS Tu ) KS ru l KS ]u
0,7 T 0,6 T, 0,6 T 0,35 7.
U L e O E Kose =2 o =8 e 2R B
i KP KS Tu : KS Tu ! Kﬂ Tu s K\ Tu
T,<~2,3-T, T,=T, T,=4-T, Ty=1,2:0
1,2 T, 0,95 y 0,95 /8 0,6 T,
p B e = i PR — Kp=~ — - =2 Kp= — —
s K’ KS Tu K| KS Tu . KS 7u : KS ru
T,=2-Tu T,=135-T, T,=2,4-T, T,=T,
T,=~042-T, T,~0,47-T, T,=042T, 7,=05-T,

L e o y &%
Fiir Regelstrecken ohne Ausgleich ist statt —£— der Ausdruck -
s*4u 1S* fu

einzusetzen.

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®.
Press ,Start”. Enter a jump 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).

i) e s | S| a8 e dl |3 | @] 82 | B
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Try to find the area of interest for the evaluation with the jump in heating power and
the settling of the actual temperature.

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

[} Temperature system =) e S|
] Measurement temperature =] -
T_TSoll Set point temperature in container 0.000 27.000 °C —
i 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 30.11.2021 10:34:49
19.000 : i : t t i N
Di 30.11.2021 10:31:20.000 dt 00:00:53.150 Di 30.11.2021 10:32:13.150
‘ m b
— o
s e eld s w8 dese |
Start Stop. Print \ | G | ‘ << Back Continue »» \ \ Overview T
Signal curve for temperature system without time delay
(i} Temperature system Tt l = | )
(i Measurement temperature == -
T_Tsoll Set point temperature in container 0.000 27.000 °C —
YT 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, 170.050 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 —
26.200 -+
25.400 —
24.600 -+
23.800 —
23.000 -
22.200 —
21.400 -
20.800 —
19.800 - ;
19.000 + t : t t t : ]
Di 30.11.2021 10:37:45.000 dt: 00:01:12 Di 30.11.2021 10:38:57.000 l
‘ 1 [
. § : o
JE I TENI PR AN e | ©
Start Stop I Print [ ‘g [ T =<Back Continue = | | Overview T

Signal curve for temperature system with time delay
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It is also possible to measure the values in the diagram. To do this, click on the blue
signal "T_T" (Temperature in container). Click on the blue curve to get the associated
measured value and time. By holding and pulling, 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) / Jump 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=13s 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 jump 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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il Temperature system Tt = i
f Measurement temperature =] 15
T_Tsell Set point temperature in container 0.000 100.000 °C —
P 2 i Temperature in container 15.000 45.000 °C
T_Pel Electrical power of heater 0.000 50.000 Kw
T _TetaA Inflow temperature to container 15.000 45.000 °C
Measurement Ne. 1 (Standardmessung, 170.050 s) Storage time: 1°0.050 s

Start measurement: Di 30.11.2021 10:5!

End: Di 30.11.2021

00:22

39.000 —}--oeeee
36.000 Looooene-
33.000 —--oeeeee
30,000 foeoeeee-
27.000 —--oeene-

; 904 °C
24000 f------e- _Mdy/dt = 1.40985 “C/s

o/
N SRR

15.000 : i : t

t
Di 20.11.2021 10:58:00.000 dt: 00:01:02 Di 30.11.2021 10:59:02.000 n
] I "
o o
L E IR R eI Close 2
Start I Stop ‘ Print | | L? | ‘ << Back | Continue >> ‘ ‘ Overview —|

Temperature system with time delay and jump in heating power from 0% to 40%

For the path without time delay, the following controller parameters for the PI
controller result from the table:

Pl controller

Command response with 20% overshoot
K=0,6¥Tb / (Ks*Te) 13,18
Tn=Tb 17,14

Command response aperiodic
K =0,35*%Tb / (Ks*Te) 7,69
Tn=12*Tb 20,57

Disturbance response with 20% overshoot
K=0,7*Tb / (Ks*Te) 15,38
Tn=2,3*Te 2,99

Disturbance response aperiodic

K =0,6%Tb / (Ks*Te) 13,18
Tn=4*Te 5,20
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In order not to reach the limit, a jump from 25°C to 30°C was specified, after which
the controlled variable had settled to 25°C.

(i} Temperature with PI controller EI_IE

30.11.2021 .
11.19:04 Temperature control with Pl controller 36
Set point Actual value Control deviation
°c
100
200°C €
80
70
60
50
40
30
20
300°C 1o
o
30.0

‘c

[ trend stop

Control quality
05

Contr. parameters

Gain 132
Reset time 17.1

Block structure

Set point temperature °C Heating power kW

’m Actual temperature *°C Inflow temperature *C lﬁm
‘ Start | Stop | ‘ Analysis ‘ ‘ Parameters | ‘ Print ‘ | ? | ‘ << Back Continue >> ‘ ‘ Overview ‘

Command response with 20% overshoot

(il Temperature with P1 contraller EL‘Q

30.11.2021

T Temperature control with Pl controller 36
Set point Actual value Control deviation

C %z SE
100 100 e 100
200°C 0 %0 ? g0
80 80 E 50
70 70 B a0
60 60 E 20
50 50 E o
40 40 E 20
30 30 E -0
20 20 E 0

238 °C 10 10 E

[ 0
[s00°

[] Manual contrel KW °C
: : ~ 100
Control quality
06
75
Contr. parameters:
50
Gain 7.7
Reset time 208
: : : : : : - 25
Block structure : : | | | : : : : |
o : : H H H : : : : L o
Set point temperature *C Heating power kW
300 [299] Actual temperature °C Inflow temperature °C 167 | 200
‘ Start | Stop H Analysis || Parameters | Print || 73 | | <<Back Continue >> || Overview ‘

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.

il Temperature with PI controller = X
B Temperature control with Pl controller 3.6
Set point Actual value Control deviation
c
F7=— 100
E 80
B s0
E a0
E 20
E 0
-20
-40
-60
E 80
EIE 100
kw  ‘C
- 100
Control quality
00
L 7s
Contr. parameters
L so
Gain [152
Reset time 30
- 25 -
i BRI — "
Set point temperature °C Heating power kW
W Actual temperature *C Inflow temperature °C ’W’ﬁ
‘ Start | Stop | ‘ Analysis || Parameters ‘ ‘ Print || @ | ‘ << Back Continue >> ‘| Overview |

Disturbance response with 20% overshoot

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.

il Temperature with PI controller = X
30.11.2021 .
To0r5a Temperature control with Pl controller 3.6
Setpoint  Actual value Control deviation
B c &
100 100 B
300 °C 0 e
80 80
70 70
60 60
50 50
a0 40
30 30
20 20
o 10 10 s
o a =
350
[] manual contral W
. : 100
Control quality
01
75
Contr. parameters:
50 4 ~ 50
Gain T N R | e S A S A S A SRR
Reset time 5.2 ' . ‘
25 4 - 25
Block structure : ) i : o ’
Set point temperature °C Heating power kW
350 Actual temperature °C Inflow temperature °C 83 |300
‘ Start | Stop | ‘ Analysis | | Parameters ‘ Print | ‘ (73 | ‘ << Back Continue ‘ | Overview |

Disturbance response aperiodic
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For the system with time delay, the following controller parameters for the PI

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)
Tn=1,2*Tb

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

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

7,45
17,14

4,35
20,57

8,69
5,29

7,45
9,20

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

[ Temperature with PIc. Tt =) X e
30.11.2021 q A
PHTEE Temperature control with Pl controller (measuring delay) 5
Setpoint  Actual value Control deviation
C E C
200 °C 100 100 Py 100
20 %0 E- a0
e 30 80 E 60
70 70 E a0
= 50 60 E o
50 50 E o
B a0 40 E 20
30 30 E- -a0
300 *C 20 20 E -60
10 10 E -80
0 0 EIE 100
300 300
[] manual control kw
; ; : - ~ 100
Control quality : ' '
o7 | | i [ T T O R T R
75 - ' 75
Contr. parameters: | | | qF--ceooeeAeeooeee- e e e S IR EEEE LRt SRt
50 - H | 50
Gain FC O I R [ '-\ ____________________________________________________
Reset time 171 : : .-
»>» : - [ a5
Set point temperature *C Heating power kW
300 Actual temperature *C Inflow temperature *C 167 | 200
‘ Start I Stop | ‘ Analysis || Parameters ‘ ‘ Print || @' | ‘ << Back Continue >> H Overview |

Command response with 20% overshoot
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(i Temperature with PL<. Tt lil_‘éj

30112021

- Temperature control with Pl controller (measuring delay) 46
Set point Actual value Control deviation
C C
200 *C 100 100
20 20
100 ED &0
70 70
50 60 60
50 50
0 40 40
30 30
299 *C 20 20
10 10
o 0
30.0
[ manual control [

-~ 100
Control quality

10

75

Contr. parameters:

50

Gain [a3
Reset time 206

25

Block struct T
Set point temperature *C Heating power kW
300 Actual temperature °C Inflow temperature °C 166 | 200

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

Command response aperiodic

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

[il Temperature with PLc. Tt l 1 é]

30.11.2021

e Temperature control with Pl controller (measuring delay) 46
Setpoint  Actual value Control deviation

C C

250°C 100 100 B |
20 a0
100 0 &Y
70 70
50 &0 D
50 50
o 40 40
30 30
300°C 20 20
10 10

o 0 —

300

B © [ rend stop [] manual control kw  fc
100 o 0 T T T i

Control quality
00

Contr. parameters

Gain a7
Reset time 5.3
Block struct ; ’
Set point temperature *C Heating power kW
300 Actual temperature *C Inflow temperature *C 83 |25.0
‘ Start | Stop | ‘ Analysis | | Parameters ‘ ‘ Print ‘ ‘ @' | | <z Back Continue >» | | Overview |

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

[l Temperature with PLc. Tt El_‘g
30.11.2021 . .
131523 Temperature control with PI controller (measuring delay) a6
Set point Actual value Control deviation

“c e

300 °C 100 1
%0
100 =
70
50 80
50
@ 40
30
350 °C 0 20
10
2} 0 =
350

Z3zgE

B8& 3

=
o

[] manual control kW °C
v . — 100
Control quality
01
~ 75
Contr. parameters:
~ 50
Gain 75
Reset time 9.2 : ‘
- 25
Block structure | ’

Set point temperature *C Heating power kW

350 [35.0 Actual temperature *C Inflow temperature *C 83 |300
‘ Start I Stop H e || [ ‘ Print || = | ‘ << Back . H T e—— |

Disturbance response aperiodic
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For the sytem 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
Th=2*Te 4,60
Td=0,42 * Te 0,97

Disturbance response aperiodic

K=0,95*Tb / (Ks*Te) 11,80
Th=2,4*Te 5,52
Td=0,42 * Te 0,97

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

146



Ingenieurbiiro

Dr.-Ing. Schoop

,,
(i Temperature with PID c. Tt

(=] i)

Control quality
06

Contr. parameters:

Gain s
Reset time 231
Rate time 11

30.11.2021 - 0
154532 Temperature control with PID controller (measuring delay) a7
Set point Actual value Control deviation
c C
200 °C 100 100
S0 20
100 80 80
70 70
50 60 &0
50 50
0 40 40
30 30
300 20 20
10 10
o o
30.0
kw  °C

[[] manual control

Block structure

75

50

25

T

L

o : : : L o
Set point ture °C Heating kw
300 Act\.cl‘:ll:emep’:::trjr::; Inﬂo;aterr:w':::::rre"c 16.7 | 200
‘ Start I Stop | ‘ Analysis | | Parameters ‘ ‘ Print | | @' | ‘ << Back Continue »» ‘ | Overview |

Command response with 20% overshoot

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

-
[} Temperature with PID c. Tt

100 o

[] manual control

30.11.2021 . -
v Temperature control with PID controller (measuring delay) a7
Set point Actual value Control deviation
C ‘c
200 °C 100 100 B
90 90
100 0 B0
70 70
50 50 &0
50 50
o 40 40
30 30
350°C 20 20
10 10
o 0
350
c *C [] trend stop kw  °C

Control quality
07

Contr. parameters:

Gain 75
Reset time 17.1
Rate time 11

Block structure

- 100

: . . €L q
Set point temperature °C Heating power kW
350 [350] Actual temperature °C Inflow temperature °C 251 | 200
‘ Start | Stop | ‘ T || [ Print H Z | | << Back T . || T |

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.

il Temperature with PID c. Tt = it
30.11.2021 o .
153006 Temperature control with PID controller (measuring delay) a7
Setpoint  Actual value Control deviation
c ® ®
300 *C 100 100 e 100
a0 90 £ 80
w 80 80 E e
70 70 E a0
. 50 50 E
50 50 E o
o a0 40 £ 20
30 30 E- -a0
35.0 °C 20 20 E -s0
10 10 E a0
[} 0 EIE 100
35.0
D Manual control kw  ‘C
: ; -~ 100
Control quality
0o
e 7
Contr. parameters:
i so
Gain 145
Reset time 26 -
Rate time 10 —
Block struct : ’
Set point temperature °C Heating power kW
35.0 Actual temperature 'C Inflow temperature °C 84 | 300
‘ Start I Stop | ‘ Analysis | | Parameters ‘ ‘ Print | | (73 | ‘ << Back Continue »> ‘ | Overview |

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.

.
[} Temperature with PID c. Tt = [
30.11.2021 q q
o Temperature control with PID controller (measuring delay) a7
Set point Actual value Control deviation
ec e ec
300 °C 100 100 100
90 90 80
. 80 80 60
70 70 40
- 50 50 20
50 50 o
n 40 40 20
30 30 -40
350 °C 20 20 -60
10 10 -80
o 0 -100
[s50
[] manual control kW °C
Control quality
01
Contr. parameters:
Gain 118
Reset time 5.5 ‘
Rate time 10 :
Set point temperature *C Heating power kW
350 Actual temperature °C Inflow temperature °C 84 |300
‘ Start | Stop | ‘ T | | [ ‘ Print ‘ ‘ [ | | << Back T . | | T |

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 thumb values for good controller parameters.

The settings for the controller parameters differentiate between disturbance and
command behavior. Different controller parameters are calculated.

If you want to cover both cases (disturbance and control behavior) with your
controller parameters, 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 setpoint (reference value). The flow rate of the salt
solution is regarded as the input variable (manipulated 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®.
Press ,Start".

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

Task 1.

Adjust the setpoint concentration (reference variable) to 5g/l and then try to bring the
salt concentration (controlled variable) in the third container to the setpoint
concentration by adjusting the salt inlet (manipulated variable).

In this case one speaks of command response. The setpoint is adjusted and an
attempt is made to bring the actual value (controlled variable, salt concentration)
back to the new setpoint (setpoint concentration).
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oo ]

30.11.2021 fen .
G Uncontrolled mixing container cascade 51
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300 g/l 14 /s 7 7 4
3 5 2
5 5 o
4 a -2
3 3 -4
2 2 -6
1 1 -8
215 g/l 243 g/l azagn| l— ® - .
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Since the system is a very slow process, it is very difficult to bring the control loop to
the new setpoint.

Task 2.

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

[} mixing container uncontrolled

e o ]
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- =
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gl g/l [ Trend stop s gl
10 — - —3
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centration .’ .’
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¥ X
O o 't: t: i g,jl sllt'\tu:ia — 5
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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 Controlled System

7.2.1 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 bringing the actual value to the setpoint.

Task 3.
Press ,Start” and set the setpoint to 4g/l.

] Mixing container cantralled SRR
30112021 = A
P Controlled mixing container cascade 5.2
90 I/s @ Y S T Set point Actual value Control deviation
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cic a 4 -2
104
3 3 -4
\_/ 2 2 %
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(] ] -10
|
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Water inflow  Salt content 34
7 Pl 33
3
Set point salt- Actual con- - 32
concentration inlet centration r =
Controller P System » 230 e |
+ L
w _E ¥ g » » - 29
28
. -
L e
F 26
o— H H : : : : o L35
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‘ Print ‘ | @‘ | ‘ << Back Continue >» ‘ ‘ Overview ‘

With a small overshoot, the actual value goes to the setpoint after a long period of
time.

This is referred to as the command response, since the control reacts to a change in
the setpoint (reference variable).
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Task 4.

Investigate the disturbance behavior.

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

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

[l Mixing container cantrolled = i
30.11.2021 . .
P Controlled mixing container cascade 52
9.0 /s @ i TS TR T Set point Actual value Control deviation
g/l g/l g/l
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O 9 8
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& 2
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cic o 2
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—4 —35
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z1 I N (R S| EEROTTEPRTRY EEPRUR SEPEOE FEPREE ERPTERTEPEERE EEEERE P - 33
s |
Set point Salt- Actual con- - -3z E |
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Controller P System » [ > [ a0
+ Lt
w _e ¥ & » » - 29
[ [
1|
- — 27
- 26
o— H H : : H H : : : oL 35
Set point concentration g/| Saltinlet /s
40 Salt concentration g/l Salt content g/l 127 | 320
Cem [ 7| e e

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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Go to ,Overview" and select item 5.4 ,Closed-loop control with P controller*.
Press ,Start".

7.2.2 Closed-loop Control with P Controller

Task 5.

Change the setpoint 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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=
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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 setpoint (reference variable). We get a
steady-state control error.

The control error e is defined as e = w — X, with
w = reference variable (setpoint) and x = controlled variable (actual value).
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[} Mixing Container with P controller = = |
iJ Measurement mixing container cascade == -
TRCESOINTTTT T + Set point concentration last container 0.000 10.000 gil —
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If the gain of the P-controller is set to 1, the control loop begins to oscillate less when
the setpoint 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.

= 2|
==, ,
i Set point concentration last container 0.000 10.000 gl —
Salt concentration container 3 0.000 10.000 gl
Inflow salt concentration first container 0.000 4.000 lis
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8.000 —f---mrmemedeoeeeeead : N P |
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1.000 frereeees : e : oo :
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« L3
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5 a8 Ll [ |02 | 3 =P
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The P controller works like an amplifier. The input signal to the controller w - x
(setpoint - 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
setpoint and actual value must be different, i.e. steady-state control error.
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Go to ,Overview* and select item 5.5 ,Closed-loop control with | controller®.

Press ,Start”.

Task 6.

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

Change the setpoint 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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5.40 g/l 480 g/1 D — 1 1
| [ 0
K
g/l g/l [] trend stop [] manual control s gl
10— ; : : : : —4 35
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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 PI Controller
Go to ,Overview" and select item 5.6 ,Closed-loop control with PI controller*.
Press ,Start".

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

Change the setpoint concentration (reference variable, target concentration) from 3g/I
to 4gl/l.

@ Mixing Container with Pl controller (eIl
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The control loop with the PI controller and the set parameters swings to the setpoint
with a small overshoot. The actual value (controlled variable, salt concentration)
reaches the setpoint (reference variable).
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Task 8.
Investigate the disturbance response.

Let the control loop settle to the setpoint 4g/l 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 PI controller also manages to control the disturbance and bring the actual value
back to the setpoint.

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 setpoint.

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 press “Stop” and then “Start” again.
The setpoint 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 setpoint to 4g/l. Wait until
the control loop has settled.

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:

Press ,Stopp“ and ,Start”

Set controller parameters

Set setpoint to 4g/l

Wait until control loop has settled

In general:

Since the PI controller has an | component (integrator), it also applies here that the
controller brings the actual value to the setpoint 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 setpoint and actual value
are the same.
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Task 10.

Restart the mixing container cascade with PI controller.
Try to set the controller parameters so that the control loop becomes unstable.
Enter a setpoint jump from 3g/I to 4g/l.
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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 PI controller and appropriately well set controller parameters, the
control loop can be controlled, the actual value reaches the setpoint and
remains at the setpoint.

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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7.2.5 Closed-loop Control with PID Controller

Go to ,Overview" and select item 5.7 ,Closed-loop control with PID controller®.
Press ,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 setpoint to 4g/l.
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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 setpoint.

As you can see in the trend diagram, the sudden change in the setpoint 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 goes to 1.27 and is therefore greater than with the PI 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 setpoint concentration of 4g/l (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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&l gl [ rend stop [ manual control Ifs gl
10 — T 0 0 T —4 35

Control quality
0.01

Block structure

Set point concentration g/ saltinlet /s

o
a0 salt concentration g/l salt content g/l 131320

Start Stop Print << Back Continue »» Overview
T = \ IL#& || [ | |

The disturbance response is well controlled with the specified controller parameters.
The salt concentration (controlled variable) reaches the setpoint concentration
(reference variable) again after a period of time.

Note:

In practice, the PI controller is mainly used as a controller. If a PID controller is used,
the D component is often turned away 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 setpoint and actual value. If the
change increases, i.e. the difference between setpoint and actual value increases,
the D component adds a calculated value to the control signal. If the change between
setpoint and actual value becomes smaller, i.e. the difference between setpoint and
actual value decreases, the D component subtracts a calculated value from the
control signal. In principle, the D component takes into account the trend as to
whether the difference between setpoint and actual value is increasing or decreasing.
If the difference increases, the D component amplifies the control signal; if the
difference between setpoint and actual value is smaller, the control signal is reduced.
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7.3 Examine Controlled System
Select item 5.3 ,Examine controlles system*. Press ,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.

[l Mixing container system = -
03.12.2021 .. .
105258 Analyse mixing container cascade system 53
90 Ifs

® Water pressure variation

(L INE

545 N

545 g/l 542 g/l | -

water inflow salt content

300 g/l 20 /s

Saltinlet Salt concentration

g/l [] trend stop Ifs gl
1

Salt concentration g/ saltinletI/s

-0 —
= Salt content g/l 200 (300

g 80090909 | 0 |

[@l Mixing container system (= = |
i} Measurement mixing container cascade == b
TRIESOM T 0.000 10.000 g/l —
R c3 Salt concentration container 3 0.000 10.000 g/l
R_Qzu_sI Inflow salt concentration first container 0.000 4,000 |Iis
R_c_sSI Salt conc. Of inflow saline solution 25.000 35.000 g/l
R_c1 Salt concentration container 1 0.000 10.000 g/l
Measurement No. 1 (Standardmessung, 1°0.050 §) Storage time: 1°0.050 §
Start measurement: Fr 03.12.2021 10:51:44 End: Fr 03.12.2021 10:56:24
10.000 — +
9.000
8.000 —
7.000 +---
6.000 —--- —
d
5.000
4.000 —-
3.000
2.000 | n
1.000 +---
0.000 - ; - ; - i
Fr03.12.2021 10:51:44.000 dt: 00:04:40 Fr03.12.2021 10:56:24.000
m N ] o
I EN AT Y o |[°
Start Stop | Print | ‘ 7 ‘ | << Back Continue »» | ‘ Overview —|
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As can be seen from the recorded data, the behavior of the controlled system is
different for the jumps. The salt concentration changes when the salt inflow changes
from 1l/s to 2l/s from 3g/l to 5.5¢/I (difference is 2.5¢g/l). When the salt inflow jumps

from 2l/s to 3l/s, the salt concentration changes from 5.5g/l to 7.5g/I (difference is
2g/l).

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 swings 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
jump in the control signal (sudden change in the control signal by 1):

Ermittiung von T, und T, aus der
Sprungantwort einer Strecke mit Ausgleich

wit)

Wendetangente

Wendepunkt

L

o

The parameters Ks, Tg and Tu can be determined from this step response. The
controlled system gain Ks (final value of the actual variable) results from the abrupt
change in the control signal by 1. If you change the manipulated variable larger, you
have to divide the resulting gain of the system by the change in the control signal 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:

Gitekriterium
Regler- Uberschwingung nach Gegenseite mit aperiodischer Regelvorgang mit
verhalten 20% von x,,,, kiirzeste Schwindungsdauer kiirzester Dauer
Storung Fihrung Storung Fithrung
0,7 T, 0,7 T 0,3 118 0,3 T,
> RS —= R e —= Ko 2= —— = Ko~ — . ==
L i T8 LT WG
0,7 T 0,6 T, 0,6 T 0,35 T,
5 A e —£ Kogs 2e o =& Kp~ —— £ Kome: 257 w8
i KI Kﬂ Tu ; KS Tu l KS Tu 5 KS Tu
n= 2,3 Tu Tn 7 Tg Tn =4 Tu Tl =~ 1,2 Tg
12 1, 0,95 T, 0,95 T, 0,6 T,
R —— —= SRS it —£ §i S e i Koz ——= —=
s K' KS Tu : KS u [ KS 7\1 : KS ru
T,=2-Tu To=1:35-T; T,=24-T, T,=T,
T,=0,42-T, T,=0,47-T, T,=~0,42T, 7,=05-T,

oy y£% .
Fiir Regelstrecken ohne Ausgleich ist statt —~=— der Ausdruck — einzusetzen.

S* 4Ly 1IS" Ly

The setting 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®.
Press ,Start”. Enter a jump 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.

JE I IR

Try to find the area of interest for the evaluation with the jump in the salt inlet and the
swing in the salt concentration.

To determine Te and Th, 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.

167



Ingenieurbiiro
/ Dr.-Ing. Schoop

] Mixing container system = -
i Measurement mixing container cascade [=] -
R_c_Soll Set point concentration last container 3.000 5.500 g/l —
Res i Salt concentration container 3 3.000 5.500 gl
R_Qzu_sl Inflow salt concentration first container 1.000 2.200 s
R_c_sl Salt conc. Of inflow saline solution 27.424 30.814 gl
R_c1 Salt concentration container 1 2.424 5.814 gil
Measurement No. 1 (Standardmessung, 170.050 s) Storage time: 170.050 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 1--

4.000 —--

3.750 1--1-

dy = 0.377

=0.377gA
3.500 —-- -dy/ct = 0.07186 gA/s

H H | H H H | | H H | l
L e S i DK
3.000 : ; ; ' : I ; ‘
Fr 03.12.2021 11:20:59.000 dt 00:01:42.500 Fr03.12.2021 11:22:41.500
+
T o
e JE AR RS TEN A AR T EY e |
Start Stop ‘ Print ‘ ‘ i | | << Back Continue > | | Overview —|

Signal curve for the salt concentration

To do this, click on the blue signal ,R_c3" (salt concentration in container 3).

By clicking on the blue curve, the associated measured value and the time are
displayed. By holding and pulling 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/l to 2g/l, the salt concentration
goes from 3g/l to 5.5¢g/I 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/I — 3g/1)/0,072g/l/s = 34,7s
Ks results from:

Ks = (end value — start value) / Jump height =(5,5-3)/1=25

The delay time Tu can be measured and is approximately 7,3s.

So: Te=Tu=7,3s Tb=Tg=34,7s Ks=25
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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)
Tn=12*Tb

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

Disturbance response aperiodic
K=0,6*Tb/ (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)
Th=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
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Investigate the control behavior and the disturbance behavior for the mixed container
cascade with the parameters determined according to Chien/Hrones/Reswick for the

PI controller and the PID controller.

il Mixing Container with PI controller

=

03.12.2021
13:31:11

Mixing container cascade with Pl controller

5.6

Control quality
113

Parameters

Block structure

90 I/s @ TR FiS R Set point Actual value Control deviation
g/l e/l e/l
10 10 10
9 9 8
8 g8 6
10 /s o = a
6 6 2
5 5 — 1}
4 4 -2
3 3 -4
2 2 -6
327 g/l 382 g/l E T I — 1 1 8
1} 0 -10
[0~
gl gfl D Trend stop D Manual control If/s gl
10 — : : : 5

o] H : : lp Loas
Set point concentration gf] saltinlet I/s
40 salt concentration g/l salt content g/I 105 (300
sml0909 |0
[if Mixing Container with PI controller = B |
[l Measurement mixing container PI =]
AR s led TP
}:, Messung Nr.l - Rihrk. Regelung EI@
HeTsall """} Set point concentration last container 0.000 10.000 g/l
. Salt concentration container 3 0.000 10.000 gfl
R_Qzu_SI Inflow salt concentration first container 0.000 4.000 s
R_c SI Salt conc. Of inflow saline solution 25.000 35.000 gfl
R_c1 Salt concentration container 1 0.000 10.000 gfl
Measurement No. 1 (Standardmessung, 1°0.050 s) Storage time: 10.050 s
Start measurement: Fr 03.12.2021 13:29:53 End: Fr 03.12.2021 13:34:10
10.000 —----- - -
9.000
8.000
7.000
6.000
5.000
4.000 —
3.000
2.000
1.000 d
0.000 : : i t i
Fr 03.12.2021 13:29:53.000 dt: 00:04:17 Fr 03.12.2021 13:34:10.000

P-, - amounts, + ar. | P-, - amounts, + ar.

1 ==F 0 [

Command response with 20% overshoot / Change of the setpoint from 3g/I to 4g/I.
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o Mixing container cascade with Pl controller 55
9.0 Ifs @ e Set point Actuzl value Control deviation
g/l efl efl
10 10 10
9 a 8
8 8 6
12 Ifs 7 7 s
[ 6 2
5 5 — o
4 4 -2
3 3 -4
2 z -6
3.88 g/l 4.08 gfl 406 g/l | e 1 4 =
o o -10
[a0
gl gl [ trend stop [ manual control Ifs gl
10 5

Control quality
1.33

la
Block structure

(i} Measurement mixing container P

A b e kA e dl R RS

o— H i i i i i H o Loas
Set point concentration g/| Saltinlet /s
a0 salt concentration g/l salt content g/l 123|300
e | 7| e e
@ Mixing Container with PI controller = = |
[=]

= Messung Nr.1 - Rahrk. Regelung
0 "} Set point concentration last container 0.000 10.000 g/l
Salt concentration container 3 0.000 10.000 g/l
Inflow salt concentration first container 0.000 4.000 Uis
Salt conc. Of inflow saline solution 25.000 35.000 g/l
Salt concentration container 1 0.000 10.000 g/l
Measurement No. 1 (Standardmessung, 1%0.050 s) Storage time: 1*0.050 s
Start measurement: Fr 03.12.2021 13: End: Fr 03.12.2021 13:40:52
10.000 —

9.000 +

8.000 —

7.000

6.000

5.000

4.000

3.000

2.000

1.000 +

0.000 :

Fr 03.12.2021 13:36:02.000 dt: 00:03:41.050
4 [ *
View ‘ ‘ P-, - amounts, + ar. P-, - amounts, +ar. Close
I v L I s I T I I 1

Command response aperiodic / Change of the setpoint from 3g/I to 4g/I.
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[l Mixing Container with PI controller = |
03.12.2021 n.q A o
T Mixing container cascade with Pl controller 56
90 /s @ i PSR E T Set point Actual value Control deviation
g/l g/l g/l
10 10 10
9 9 8
8 8 [
13 Ifs 5 . a
5 5 2
5 5 o
4 a -2
3 3 -4
2 2 -6
3.88 gfl 392 g/l 400 g/l | o 1 1 8
o o -10
40
&l gl [ rend stop [ manual control Ifs gl

Control quality
001

Block structure

o : : : : Lo Las
Set point concentration g/| Saltinlet /s
i salt content g/l 127|320

salt concentration g/l

Print || @ | ‘ << Back Continue >> H Overview |

Disturbance response with 20% overshoot / Change of the disturbance input (salt
content) from 30I/s to 32I/s.

Al Mixing Container with PI controller = 8 |
[l Measurement mixing container PI =]
AN uakd:Hng
- Messung Nr.1 - Rihrk. Regelung = =]
0 " Set point concentration last container 1.84 7.5719 gl
. Salt concentration container 3 1.844 75719 gl
R_Qzu_SI Inflow salt concentration first container 0.738 3.032 s
R_c_SI Salt conc. Of inflow saline solution 26.844 32.519 g/l
R c1 Salt concentration container 1 1.844 7.519 gl
Measurement No. 1 (Standardmessung, 1°0.050 s) Storage time: 1°0.050 s
Start measurement: Fr 03.12.2021 13:36:02 End: Fr 03.12.2021 13:47:51

7.579 -

7.006

6.432

5.859

5.285

2.991
I R By T ) e VT T [
1.844 + t + t t t + t + i
Fr03.12.2021 13:43:13.550 dt: 00:03:57.450 Fr 03.12.2021 13:47:1.000
] ] 3
View P-, I- amounts, + ar. | P-, I- amounts, +- ar. | Close
Ll [ I e I T I I'1 |

The disturbance is not controlled with these parameters
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03.12.2021
14:05:56

Mixing container cascade with Pl controller

9
Control quality B —ff--------- e e S L Rl R [
0.01 7 — ;

90 /s @ e Set point Actual value Control deviation
&l efl g/l
10 10 10
9 9 8
8 8 6
13 Ifs 7 7 2
5 5 2
5 5 [
4 q -2
3 3 -4
2 2 -6
3.93 g/l 3.99 gfl 405 g/l | b 1 1 -8
[} [:} -10
o
gl gl [ trend stop [ manual control
10 — T T

o] : : . o Loas
Set point concentration g/| Saltinlet /s
a0 salt concentration g/l salt content g/l 126320
r ] | | e o] [T
(i Mixing Container with PI controller | = = |
1l Measurement mixing container P1 =]
PE s wakdTPns
& 2.682 7.737 g/l
R c3 Salt concentration container 3 2.682 7.737 g/l
R_Qzu_SI Inflow salt concentration first container 1.073 3.095 s
R c Sl Salt conc. Of inflow saline solution 27.682 32.731 g/l
R_ct Salt concentration container 1 2.682 7.737 g/l

Measurement No. 1 (Standardmessung, 1°0.050 s)
Start measurement: Fr 03.12.2021 13:

T.037

1.232

Storage time: 1°0.050 s
End: Fr 03.12.2021 14:11:

6.726

6.221

8.715

5.209

4.704 —

4198 4

3.693

3.187 -

2.682

Fr 03.12.2021 14:04:45.150 dt: 00:06:11.850

Fr03.12.2021 14:10:57.000

P-, |- amounts, + ar. P-, |- amounts, + ar.

Disturbance response aperiodic / Change of salt content from 30I/s to 32I/s.
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[ Mixing Container with PID controller = i
03.12.2021 a.9 A a
14397 Mixing container cascade with PID controller 57
g0 lfs @ S E e Set point Actual value Control deviation
N g/l g/l
10 10 10
O 9 9 B
— g 8 5
30.0 g/l 16 /s 7 7 4
6 -] 2
5 5 1}
Cic a a 2
104
3 3 -4
2 2 -6
| K
474 g/l 409 g/l 374 g/l a 3 E
1} [:} -10
40
el g/l |:| Trend stop |:| Manual control Ifj=  gfl
10 — : . : . . : . : . : —35
Ly | ; R
Control quality 38— 33
113 7— —32
& — 31
5 |30
, oL
[ -2 -
Block structure 3 o
-
1 — 26
—25
Set point concentration g/l saltinlet|/fs
Salt concentration g/l Salt content g/l 160 | 300
e | 7| T

il Mixing Container with PID controller = e
il Measurement mixing container PID [=&=]
AR dld TP g
E=; Measurement View - Riihrk. Regelung [E=n Ech =<
R_E_sel ' Set point concentration last container 0.000 10.000 gl
R_c3 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 gl
R c1 Salt concentration container 1 0.000 10.000 gl
Measurement no. 1 (Standard measurement, 1%0.050 s) Storage time: 1*0.050 s
Measurement start: Tu 28.12.2021 13:20:57 End: Tu 28.12.2021 13:25:46
10.000 — 3 3
9.000 +
8.000
7.000 +
6.000
5.000
4.000 —
3.000
2.000
1.000 '
0.000 + t t : t t
Tu 28.12.2021 13:20:57.000 dt: 00:04:39
< T ] +
View | | P-, - amounts, + ar. P-, - amounts, + ar. Close
il [ Il te2 I I I |

Command response with 20% overshoot / Change of the setpoint from 3g/I to 4g/I.
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[l Mixing Container with PID controller = |
03.12.2021 P - .
Py Mixing container cascade with PID controller 57
90 /s @ i P RN E T Set point Actual value Control deviation
g/l g/l g/l
1o 10 1o
9 Q 8
8 ] 6
15 /s 5 s .
& & 2
5 s i o
a 4 -2
3 3 -4
2 2z -6
371 gfl 3.66 g/l 386 gfl | 1 1 8
o a -10
40
gl gl [ Trend stop [] Manual centrol Ifs gl
10 — T T T —4 —35
- 24
Control quality - — 33
s |
110 - 32
. T
R
:
-
ol : !gﬂ :I ‘ u:__c; L 25
Set point concentration Saltinletl/s
i Salt concentration g/l Salt content g/l 153|300
Print | | @' | ‘ << Back Continue > ‘ | Overview |
[ Mixing Container with PID controller =1 [
& Measurement mixing container PID =]
A NnAld TR
L Messung Nr.l - Rihrk. Regelung E@
1 ' Set point concentration last container 0.836 10.000 gl
R_cl Salt concentration container 3 0.836 10.000 gfl
R_Qzu_SI Inflow salt concentration first container 0.334 4.000 Us
R_¢c Sl Salt conc. Of inflow saline solution 25.836 35.000 gil
R_c1 Salt concentration container 1 0.836 10.000 gl
Measurement No. 1 {Standardmessung, 1*0.050 s) Storage time: 1*0.050 s
Start measurement: Fr 03.12.2021 14:31:06 End: Fr 03.12.2021 14:38:29
10.000 —------
9.084
8.167 —
7.251 +
6.334 —
5418 -
4.501 —
3.585
2.669 —
1.752 -
0.836 i . i i i i
Fr 03.12.2021 14:31:06.000 dt: 00:04:07.150 Fr 03.12.2021 14:35:13.150
< i »
View | | P-, |- amounts, + ar. P-, I amounts, + ar. Close
il [ I L [T I I

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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il Mixing Container with PID controller = 3|

Control quality

w

03122021 .. - .
Py Mixing container cascade with PID controller 57
90 I/s @ I Set point Actual value Control deviation
gl g/l g/l
10 10 10
9 9 8
8 8 [
13l 7 7 a
[ 6 2
5 5 0
4 4 2
3 3 -4
2 2 -6
413 g/l 406 g/l a00gN | —n— i : E
o o -10
[a0~
gl gl D Trend stop D Manual control I/s g/l
10— 0 0 0 0 — 4 —35
|32
- 33

0.01

Block structure

: : : : : : : : : H
Set point concentration g/l saltinlet I/s
40 salt concentration g/l salt content g/l 129|320

el e T

@ Mixing Container with PID contraller =] |
(il Measurement mixing container PID \ 2 |
A RN AEd PG
£ Messung Nrd - Rihrk. Regelung ===
RZeSoll 7T Set point concentration last container 1.983 7.793 gl
R_c3 Salt concentration container 3 1.983 7.793 gl
R_Qzu_SI Inflow salt concentration first container 0.793 37 s
R_c_SI Salt conc. Of inflow saline solution 26.983 32793 gfl
R_cl Salt concentration container 1 1.983 7.793 gl
Measurement No. 1 {Standardmessung, 1*0.050 s) Storage time: 1*0.050 s
Start measurement: Fr 03.12.2021 14:31:06 End: Fr 03.12.2021 14:45:1
1.793 : : g ; g : : ; d ; d
7.212
6.631
6.050
5.469
4.888
4.307
3.726
3.145
2.564
1.983 : t i : : t i
Fr03.12.2021 14:41:11.650 dt: 00:03:53.350 Fr 03.12.2021 14:45:05.000
4 n »
View P-, I- amounts, + ar. P-, I- amounts, + ar. Close
il L I'T ! I I I'T

Disturbance response aperiodic

The controller tuning rule from Chien/Hrones/Reswick is not suitable here, as the
calculated 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 the disturbance behavior.

7.5 Evaluation of the Controller Tuning Rules

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 PI 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 loop,
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 much earlier than in the third tank. The inner
control loop therefore reacts much more quickly to control disturbance, so that the
control is accelerated. Another advantage is that large control deviations, such as
occur in a single-loop control loop, are avoided in the first boiler due to the inner
circle.

Task 16.

Select the item 5.8 ,Closed-loop control with cascade controller” for the mixed
container cascade an press ,Start".

Enter a jump in the setpoint concentration from 3g/l to 4g/l.
Observe the control behavior.

With the set 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 setpoint (setpoint concentration).
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.
[l Mixing Container with cascade controller = é
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il Mixing Container with cascade contraller = 3%

_iJ Measurement mixing container cascade @ b
! Set point concentration last container 2.299 5.374 gl —
Salt concentration container 3 2.299 5.374 gl
R_Qzu_sl Inflow salt concentration first container 0.920 2150 lis
R_c_sl Salt conc. Of inflow saline solution 27.299 30.374 g/l
R_c1 Salt concentration container 1 2.299 5.374 gl
Measurement No. 1 (Standardmessung, 1*0.050 s) Storage time: 1°0.050 5
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The inner control loop (with PI controller) tries to adjust the salt inflow to bring the salt
concentration of the 1st container to the manipulated variable of the outer controller
(PID controller). The output of the PID controller is the reference variable for the inner
control loop. Since the salt concentration continues 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 outputs the setpoint (setpoint concentration). The outer controller specifies
a reference value for the inner control loop that 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 the control signal of the external controller goes to the
setpoint concentration as a reference variable 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 z1 9.00 Salt con-
salt con- centration
0.00 1.00
centration m|
e + ¥ =
PID controller Pl controller Container 1 Container 2 [ Container 3
Gain 1.0 Gain : 10 Pl | 30.0
Tn time c. 20.0 Reset time : 10.0 Saline

Tu-Zeitk. 10

Salt concentration container

Close
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8 Liquid Level Control (Control Training Il)

A container with inflow and outflow is simulated as a controlled system. The size of
the outlet 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 setpoint.
The valve position represents the input variable of the system, the level the output
variable. The inflow acts as a disturbance variable.

The valve is controlled by a motor that is driven by a three-point controller. By
activating the motor, the valve can open, close or remain in the set position. The
three-position controller issues the "open" and "closed" commands. The valve
setpoint position is the setpoint for the three-point controller. The actual value of the
valve follows the setpoint with a time delay because the motor moves the valve to the
desired position by opening or closing.

The reference variable is the setpoint level, the controlled variable is the actual level,
the disturbance variable is the inflow and the control signal is the "setpoint valve".
Since the valve is opened and closed by a motor, it can take some time before the
valve reaches the valve position "setpoint valve" output by the controller as a control
signal. For this reason, a distinction is made between the signals "setpoint valve" and
"actual valve position".

In the initial state of the simulation, the valve is closed and the inlet is zero. In order
for the level to change, the inlet must be set to values greater than zero.

It should also be noted with this regulation that the controller output have been
multiplied by 0.4 so that the control signal y is normalized to 0 to 100%, because the
difference between the setpoint and actual value can have a maximum value of
250l/s.

8.1 Uncontrolled System (Manual Control)
Select in control Training Il the item 5.1 ,Uncontrolled system®.

Press “Start”. You can now change the values for the setpoint (reference variable,
actual liquid level cm), the control signal (setpoint valve) and the disturbance signal
(inlet I/s) using the slider or by entering values below the slider.

Task 1.

Set the inlet to 50I/s and let the container fill up. Set the setpoint (reference variable,
setpoint liquid level) to 100cm. By adjusting the control signal (setp. valve %) you can
now try to bring the actual value (controlled variable, actual liquid level) to the
setpoint (reference variable, setpoint liquid level).

The actual valve position lags behind the desired valve position (compare red and
purple signal in the trend display).

The control can of course only be implemented if an inlet > 0 is set.
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.
[l Liguid level uncentrolled l = [t
Liquid level system uncontrolled
Open Close o
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500 Ifs /ﬁ\-\ ——————— lHlHL{ —————— Lo i 214[% 20 20 5 &Y
I ) : . | f D 235 225 F— 200
"""""""" 200 200 - 150
175 175 E 100
LS E
Liquid Level I I v 150 150 E so
1105 cm E
— % 125 125 E o
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‘ Sstart ‘ | stop ‘ | Reset | (?) ‘ <<Back ‘ ‘ Continue >> ‘ T ‘

This type of control is known to as command response. The setpoint is adjusted and
an attempt is made to bring the actual value (controlled variable) back to the new
setpoint (reference variable) by adjusting the control signal.

It can be observed with this system that the actual valve position lags behind 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.
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Task 2.

Change the inlet to 70l/s and try to correct the disturbance by adjusting the control
signal.

.
[l Liguid level uncontrolled = |
I
Liquid level system uncontrolled
Open Close
- " ULEEEs Setpointcm  Actual valuecm  Control deviation cm
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”””””””” 200 E- 200 150
175 F-175 100
i E
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= E
= = 75 -100
|
so = -150
-
- 25w =mE 3 -200
7 E
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738 /s 100.0 %85 14
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200
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‘ Start | ‘ Stop ‘ ‘ Reset ‘ @ ‘ << Back | | Continue >> ‘ Overview ‘

The level begins to rise. The control valve must be opened further so that more flows
out of the container and the level drops.

Changing the inflow is a disturbance for the system. That is why one speaks here of
the investigation of the disturbance response.
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8.2.1 Closed-loop Controlled System
Go to ,Overview" and select item 5.2 ,Controlled

system®.
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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 bringing the actual value to the setpoint.

Task 3.

Press ,Start”. First set the target level (reference variable) to 100cm and then the

inlet to 50l/s.
What will happen?

[l Liguid level cantrolled

Liquid level system controlled

Three-pos
controller

486 %

Inlet

500 Ifs r/ﬁ\
L ]

Liquid Level

1072 cm
Ventilstellung

48 %

Outflow

628 I/s

em em /s Ifs

|:| Trend Stop

Valve
position

Set point o
liquid level Liquid
level

Set pointcm  Actual value cm

250 250

1000

225 225

200 200
175 175
150 150

125

1072

Control deviation cm
250

Controller

-
%

| System
w y

+ e

Setp. level
Actual level

1000 1072 628 | 500

Setp. valve

Act. Valve

‘ Start H Stop H Reset ‘

L) |

<< Back | | Continue >>

Only when the level of 100cm is reached by the inlet does the controller begin to
output a control signal greater than 0. As long as the level was below the setpoint

level, the valve remained closed.

If the actual level exceeds the setpoint level, the valve was opened so that more

flows out and the level drops again.

With an overshoot, the controller manages to bring the actual level to the setpoint.

Since the control loop reacts to a change in the setpoint, this is referred to as the

command response.
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Task 4.

Change the inlet to 70I/ s.
What will happen?

[ Liquid level controlled = 3
07.12.2021 P
P— Liquid level system controlled
Open Close o
(e " - UI==es, Setpointcm  Actualvaluecm  Control deviation cm
p ; ; 1 controller
nol 11T E
" H i D 225 225 F 200
"""""""" 200 200 F- 150
175 175 E 100
- i E
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100 100 E -0
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50 50 E 150
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! 0 0 E- 250
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1000 1031 31
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Set point Valve —
liquid level ii
iquid leve position ] 125
Controller P System ‘;. » | 00— H
W E=S v X 5= S R N R A A :
» booeden b o T
so 3] —_ ' ' ; [
25 10
0= — FR B o
Setp. level Setp. valve
1000 103.1 748 [70.0 Actual 1evel et et Vsive 523 588
‘ Start ‘ | Stop ‘ | Reset @ << Back ‘ ‘ Continue >> ‘ Overview

The level begins to rise.
The controller tries to open the valve further so that more flows out of the container.

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*.
Press ,Start".

Task 5.

Set K to 4, the setpoint to 100cm and the inlet to 50I/s. Wait until the control loop has
settled, i.e. until the actual value no longer changes.

Observe the behavior.
[l Liquid level with P_controller =) [ |

Liquid level control with P controller
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Liquid Level II e =D D
v
1218 m e 125 15 o
Ventilstellung 100 100 -50
34 % 75 75 -100
50 50 -150
25 5 -200
QOutflow
0 0 -250
476 /s
100.0 1218 -218
m am Is s ] Trend Stop % %
(®) Auto. control 20— H : 100
() Manual control 0
20
Control quality e
1050.23 60
. 50
» | ° .
K- 40 20
10
o3 : : : 0
st point liquid level em Setp. valve %
ELL) TS Lo | Actual liquid level cm nietl/s Act. valve % e EX)
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'Ell—‘t‘ &3 lﬁ.lu‘?ﬁ“&_l‘ﬁg"? |5 Please insert ruler, to
o . I the controller setup for
EFH Soll Set point liquid level 0.00 25000 cm desired ime
FH_lst Actual liquid level 0.00 250.00 [em]
F.Zulauf Inlet 0.00 100.00 Vs
FV_Soll Set point valve position 0.00 100.00 %
FV_Ist Actual valve position 0.00 100.00 %
F.Ablauf Outflow 0.00 100.00 Vs
FV_Auf Valve direction open Low / High [-]
FV_Zu Valve direction close Low / High [-]
Messung Nr. 1 (Standardmessung, 1*0.050 s) Speicherzeit: 1*0.050 s
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1
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The level begins to rise after the inlet has been set to 50I/s. If the actual level

exceeds the setpoint 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 setpoint (reference variable). We get a steady-state
control error.

The control error is defined as e = w - x, with
w = reference variable (setpoint) and x = controlled variable (actual value).

Reason:

The P controller works like an amplifier. The input signal to the controller x-w
(setpoint - 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 setpoint 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?

~
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The control error between the setpoint 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 bring the actual value to the setpoint 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 al

sSo obtained for this.

[l Liguid level with P_contraller
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As can be seen from the settling response, the P controller reacts immediately and
quickly to changes in the setpoint and disturbance values (control and disturbance

response).
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Go to ,Overview" and select item 4.5 ,Closed-loop control with | controller®.
Press ,Start".

8.2.3 Closed-loop Control with | Controller

Task 7.

Set the controller parameter Ti to 5.

Change the setpoint to 100cm and the inlet to 50I/s.
Observe the behavior.

i Liguiel level with Lcantroller B

Liquid level control with | controller
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The valve is slowly opened by the | controller. After a long period of time with many
overshoots, the actual value reaches the setpoint.
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[ Liguid level measurement
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Close
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| 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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Go to ,,Overview" and select item 5.6 ,Closed-loop control with PI controller*.
Press ,Start".

Task 8.
Leave the controller parameters on: Gain K = 3, Reset time Ti = 10.
Change the setpoint to 100cm and the inlet to 50l/s. Observe the settling behavior.

(@l Liquid level with PLcontroller

Liquid level control with Pl controller

250
225
200
175
150

Setp. valve %
Act. valve %

UDESIEE Set pointem  Actual value cm
Inlet controller "
250
500 Ifs 870%
[ -
"""""""" 200
175
a
Liquid Level oo
1085 em M
4840% 1
Ventilstellung 100
28 % 75
50
b1
Outflow ;
| 0
635 Ifs [ — o 1095
am an Ws s - [ Trend stop
(#) Auto. control Ef H
(C) Manual control 25
2003
Control quality 175
1040.03 150 —
T e prpy
» 0
75—
K- 3.0 P oS | YMDm—m—
Ti (Tn): 100 3 //
okt : :
Set point liquid level cm
10001095 635 | 500 Actual liquid level cm etifs
‘ Start ‘ | Stop ‘ ‘ Reset | Block structure Evaluation | print | @ ‘ << Back | | Continue »»

[l Liguid level measurement

(=]
Control deviation cm
250
200
150
100
50
o
-50
-100
-150
-200
-250
-85
% %
100
90
80
70
60
0 4 -
40
30
77777 20
10
o
487 484
(=] il

FV_I

250.00 ~

100.00 ~
75.00
50.00
25.00

F.Zulauf
F.V_Soll

st

F.Ablauf
F.V_Auf
FV Zu

S ] b | e | B o |l 22| 9
FH Soll ™ -

Set point liquid level

" Actual liquid level
Inlet
Set point valve position
Actual valve position
Outflow
Valve direction open
Valve direction close

Messung Nr. 1 (Standardmessung, 1*0.050 s)
Messungsbeginn: Di 07 12 2021 12:01:15

22500 1--
200.00
175.00
150.00 —
125.00

0.00

100.00 em
9813 [em]
50.00 Vs
4045 %
4080 %
5063 s

Low [-]

Low [-]

Speicherzeit: 1*0.050 s

Ende: Di 07.12.2021 12:04:25

MU L ; 1i1 [

T
Di 07.12.2021 12:01:15.000

Di 07.12.12:02:50.000

Di 07.12.2021 12:04:25.000
Close

At the desired time
following controller
SETUP W3S BCTive

Pl controller

Gain: 3.00

Resettime: 10.00 5

190



Ingenieurbiiro
/ Dr.-Ing. Schoop

The actual value (controlled variable, actual level) reaches the new setpoint
(reference variable, setpoint level) with the Pl controller and the set parameters with

overshoot.

Since the setpoint 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 inlet to 70l/s and observe the

behavior.
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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 setpoint 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 10.

Let the system settle with the specified parameters of the Pl controller to the setpoint
100cm with an inlet of 50I/s.

Change the controller parameters to K =5 and Ti = 3.

Enter a jump in the setpoint level from 100cm to 120cm. What will happen?
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With these controller parameters, the control loop becomes unstable and the actual
level oscillates around the setpoint level.
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F.Ablauf QOutflow 4741 Us Gain: 5.00
FV_Auf Valve direction open High [-] Reset time: 3.00 5
F.V_Zu Valve direction close Low [-]
Messung Nr. 1 (Standardmessung, 1*0.050 s) Speicherzeit: 1°0.050 5
Messungsbeginn: Di 07.12.2021 12:01:15 Ende: Di 07.12.2021 13:41:32
1
250.00 <---
22500 +---
200.00 +---
175.00 ---
150.00 +---
125.00
100.00
75.00 1---
50.00 +---
25.00 : ; : : i ! H '
000 ' A ' h ' ' ' i ‘ H ‘
Di 07.12.2021 13:38:17.000 Di 07.12. 13:39:37.000 Di 07.12.2021 13:40:57.050

o Close
« m v
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Task 11.

Let the system settle with the specified parameters K = 3 and Ti = 10 of the PI
controller to the setpoint 100cm with the inlet 50I/s.

Enter a jump in the setpoint level from 100cm to 120cm.
Determine the control quality for this jump.

[ Liguid level with I contraller = e X
Liquid level control with PI controller
Open Close o
Inlet P - UrEsEs Setpointcm  Acwalvaluscm  Control deviation cm
; : ; 1 contraller
| : | 350 250 250
500 Ifs ; E : I 36.8/%
: : ] D 225 225 200
"""""""" 200 200 150
N 175 175 100
Liquid Level I I . =1 o .
1192 cm
T 125 125 0
Ventilstellung 100 100 50
7% 75 75 -100
50 50 -150
25 25 -200
Outflow '
| 0 [ -250
509 Is
1200 1192 08
a an s s Trend Stop %%
250 .D ; . . . - . . . . - 100
(#) Auto. control i H
O Manual control 2D 50
200 20
TS [ T R A [ A A v
Control quality 753 : : : : : : : : : e
504 I
> S »
w ° o
7 = ; : : : : : : : : (B
k: 30 » o= : v : : : : : : - VB 20
e | T : : 3 : 3 : : i VE 10
o= : ' : ' ' : : : 0
Set point liguid level cm Setp. valve %
12001192 509 | 500 Actual liquid level cm niet Ifs Act valve % o
‘ Start ‘ Stop ‘ ‘ Reset Block structure Evaluation ‘ | Print @, | << Back ‘ | Continue >> ‘ Overview

The control quality after settling is approx. 31.71.
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Task 12.

The number in the box labeled "Control quality” indicates a value about 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 setpoint.

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.

[l Liquid level with PI_controller =) X
Liquid level control with Pl controller
Open Close .
Inlet P i U= Setpointem  Actualvaluecm  Control deviation cm
; ; ; 1 controller
: : : | 250 250 250
500 Ifs /_‘*m\ ||| ——————— boooeoo- ! 36.4%
I 0 : : : ] D 225 225 200
"""""""" 200 200 150
175 175 100
o i
Liquid Level I I . &1 o7 -
1207 €m
= 125 125 0
Ventilstellung 1oo 100 -50
37 % 75 75 -100
50 50 -150
25 25 -200
Outflow ;
i 0 0 -250
504 I/s
1200 1207 07
an m s s Trend Sto % %
250 .D =20 - . - - — 100
(®) Auta. contral ; ;
(") Manual control
Control quality
27.17
K 8.0
Ti (Tn). 300
PO S E— : : E o
Set point liguid level cm Setp. valve %
12001207 504 | 500 Actual liquid level cm nlet1/s Act valve % o
‘ Start ‘ Stop ‘ ‘ Reset Block structure Evaluation | Print @) | Back ‘ Continue >> ‘ Overview ‘
— 4

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 setpoint level of 100 cm.

The setpoint was increased to 120l/s and it was waited until the control loop was
settled again.

Carry out the experiments with further controller parameters:

Let it settle with an inlet = 50l/s to the target level = 100cm
Set controller parameters

Set the setpoint to 120cm

Wait until the control loop has settled.

Since the valve is controlled by pulses (opening, closing), the actual value fluctuates
slightly around the setpoint.
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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®.
Press ,Start".

Keep the set parameters K = 3, Ti = 10 and Td = 2. Enter 100cm as the setpoint level
and set the inlet to 50l/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 setpoint to 120cm.

@ Liquid level with PID_controller [E=REE

Liquid level control with PID controller

Open Close

Inlet Three-pos Setpointem  Actualvaluecm  Control deviation cm
; 7 controller
500/ Ifs O O | = 250 250 250
: | D 225 225 200
______________ 200 200 150
. 175 175 100
Liquid Level I I B 150 w0
L4
1193 m
= 125 125 0
Ventilstellung 100 100 -50
38 % 75 75 -100
50 50 -150
- 25 25 -200
Outflow K
" ! 0 0 -250
520 Ifs
1200 1193 07
eam cm /s fs D Trend Stop % %
(®) Auto. control B0 ; : 100
225

(") Manual control

200
Caontrol quality 175

3338 150 —

> =
o
75 = : : : ‘ : : : : : {E
€ = L e e e D Rl
Ti (Tn) 100 = r - : : : : : : ; ; YE 10
Td [T 20 ' H | H | H | | H | v E
i o=k . . . ; LB o
1300 1193 520 [500 Set point liguid level cm Setp. valve % 376 IR
Actual liquid level cm nletl/s Act. valve %
‘ Start ‘ Stop ‘ ‘ Reset Block structure Evaluation | Print @ | << Back ‘ | Continue > ‘ Overview ‘

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

As can be seen in the trend diagram, the sudden change in the setpoint 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 setpoint.
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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 inlet = 50I/s to the setpoint level = 100cm
e Set controller parameters

e Set the setpoint to 120cm

e Wait until the control loop has settled.

) Liquid level with PID_controller = e X
07.12.2021 — -
— Liquid level control with PID controller
Open Close .
Inlet P i UrEsEs Setpointcm  Acwalvaluscm  Control deviation cm
p ; ; 1 controller
H H | 250 250 250
500 Ifs /’_‘\\ HH“II% —————— boooeoo- ! 37.3%
Y : : ] D 225 225 200
"""""""" 200 200 150
175 175 100
- i
Liquid Level I I . =1 o -
1216 m
R, 125 125 0
Ventilstellung 100 100 -50
37 % 75 75 -100
50 50 -150
25 25 -200
Outflow
1 0 0 -250
508 I)s oo~
1200 1216 -16
e em  Ifs s [ Trend stop % %
(®) Auto. contral 20— ; ; 100
O Manual control 25 50
80
Control quality 70
27.18 60
> 5.,
EpIps
30
k: 50 - n
Ti (Tn) 300 a
Td (T 25 i /
(T} P : : : : H 0
Set point liguid level cm Setp. valve %
12001216 0.8 ] 500 Actual liquid level cm niet1/s Act valve % 3
‘ 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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In practice, Pl controllers are mainly used. In many cases, the D component is turned
away in the PID controller, so that the controller then only works as a PI controller.

Note:

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

The D component considers the change between the setpoint and the actual value. If
the change increases, i.e. the difference between the setpoint and the actual value
increases steadily, the D component adds a calculated value to the control signal. If
the change between the setpoint and the actual value becomes smaller, i.e. the
difference between the setpoint and actual value is steadily decreasing, then the D
component subtracts a calculated value from the control signal. In principle, the D
component takes into account the trend as to whether the difference between the
setpoint and actual value is increasing or decreasing. If the difference increases, the
D component amplifies the control signal; if the difference between the setpoint and
actual value becomes smaller, the control signal is reduced.
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9 Engine Speed Control (Control Training II)

This process is the simulation of an engine, the speed of which 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®. Press ,Start”.

You can now change the values for the setpoint (reference variable, setpoint 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 setpoint (setpoint speed, reference variable) to 1 (corresponds to 1000/min)
and try to bring the actual value (Engine speed) to the setpoint speed (reference
variable) by adjusting the engine voltage (control signal).

Engine speed system uncontrolled

Engine voltage Engine speed Load % s 5
17 v 1.02 1000/min 50

1000/min % [ Trend stop v

@
5}

~

L T ]

. Setp. speed 1000/min Load % Engin
Engine speed 1000/min

This type of control is known as command response. The setpoint is adjusted and an
attempt is made to bring the actual value (controlled variable) back to the new
setpoint (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.
1l Engine uncontrolled = 5% =

Engine speed system uncontrolled

Set point Actual value Control deviation
(] (] (]
5
Engine voltage Engine speed Load % 5 5 a
20 V 100 1000/min 50 3
4 4 2
1
@ i ’ :
-1
2 2 2
L/ 3
200 % 1 1 4
5
o o -6
10 10 0.0
1000/min v
6 — 10
E- o
5 E &
3 E- 7
Load ;_ 5
Engine Engine 3 E :
voltage speed E- s
System 2 E 3
¥ Ed E
— 2
» B E
| | E 1
0 ot : - ! : ! : : E- o
Setp. speed 1000/min Load % Engine voltage V
0 10 0 Engine speed 1000/min 20
] o= | [ @ [ |[ower] [ owwm

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 bringing the actual value to the setpoint.

Task 3.
Press ,Start” and set the setpoint to 1 (1000/min). What will happen?

@ Engine_controlled [ESREEE x ]

Engine speed system controlled

Set point Actual value Control deviation
] G G
5
Engine voltage Engine speed Load % 5 5 4
17 V 0.99 1000/min 50 3
4 4 2
1
@ ’ ’ :
L
2 2 2
P — 3
1 1 -4
I I ®
o o -6
10 10 0.0
1000/min % [] tend stop v
6— 100 — — 10
E 03 E- s
= | =3 E .
Load 70—;3 ; 7
Set point Engine z Engine BD—E: f— 6
speed voltage speed = =
50— F s
Controller o System 203 E .
w e ¥ x =
+ K- 3 E
= = 3
w—=} E-:
0= E— 1
03 y E_o
. Set point speed Load
o Engine speed 1000/min Engine voltage V 17
] = [ @ [ |[owmer] [ ]

The actual value (engine speed) goes to the setpoint after a short time (command
response).
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Task 4.
Change the load from 0% to 20%.

What will happen?

@ Engine_controlled [ESREEE x ]

Engine speed system controlled

Set point Actual value Control deviation
6 () ()
5
Engine voltage Engine speed Load % 5 5 a
20 V 100 1000/min 50 3
4 4 2
1
@ i ’ :
-1
2 2 2
L/ 3
200 % 1 1 4
I I ®
o o -6
10 10 0.0
1000/min % v
6— 100 — — 10
E 90— E- o
EREE E- s
Load TD—; ; 7
Set point Engine 2 Engine 50— E- s
speed voltage speed = =
50— F s
Contraller P System P | E_ .
w e ¥ X Ei =
+ - 3 =
30— = 3
20— E 2
10— E 1
0 I—— E_o
Set point speed Load
Engine speed 1000/min Engine voltage V 20
] o= | [ @ [ |[ower] [ owwm

The speed becomes lower.

The controller tries to bring the actual value (engine speed) back to the setpoint by
increasing the engine voltage (control signal).

After a short time, the controller has corrected the disturbance (disturbance
response).
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Go to ,Overview" and select item 3.4 ,Closed-loop control with P controller*.
Press ,Start".

9.2.2 Closed-loop Control with P Controller

Task 5.

Change the setpoint to 2 (1000/min) and wait until the control loop has settled, i.e.
until the actual value no longer changes.

[l Engine_P_controller = e
Engine speed control with P controller
Setpoint Actual value Control deviation
6 3 3
5
Engine voltage Engine speed Load % 5 5 4
24 V 141 1000/min 50 3
4 4 7
1
@ : : :
L
2 2 -2
-3
1 1 -4
-5
o o -6
20 14 06
1000/min % [] tend stop v
3 100 — — 10
(#) Auto. control 3 ' E
(") Manual control 5 b= E G
80— E— 8
Control quality 4 70—21 f— 7
099 50— E— s
3 so—f:, ---------------------------------------------------------------------------------------------------- f— 5
o = .
2 = =
a 0 » 30 —| E— 3
» 20— =2
0= B 1
o g o= ‘E_ o
20 14 o Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage Vf 24
| Start ‘ ‘ Stop | | Reset ‘ Block structure Evaluation Print ‘ @l ‘ << Back ‘ Continue »> ‘ Qverview ‘

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

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

w = reference variable (setpoint) and x = controlled variable (actual signal).

Reason:

The P controller works like an amplifier. The input signal to the controller w - x
(setpoint - 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, setpoint 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.

[l] Engine_P_controller C= i
Engine speed control with P controller
Setpoint Actual value control deviation
3 3 3
5
Engine voltage Engine speed Load % 5 5 4
29V 171 1000/min 50 3
4 4 %
1
@ ’ ’ :
-1
2 2 -2
-3
1 1 4
-5
o o -6
20 17 03
1000/min % [] trend stop v
3 100 — — 10
(#) Auto. control 3 ' E
(") Manual control 5 o3 E
80— E— 8
Control quality a 70—5: f— 7
462 50— E .
3 so—ir ———————————————————————————————————————————————————————————————————————————————————————————————————— E— 5
g = .
» 2 L E
30 —=| E— 3
K 100 » 0 SRS SRS MU . fY e U SO ISR S E L |
0= B 2
1 =1 =
0= B 1
o gy o E_ o
20 17 0 Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 29
| Start ‘ ‘ Stop | | Reset ‘ Block structure Evaluation Print ‘ @) ‘ << Back ‘ Continue »> ‘ Qverview ‘
4

The control error between the setpoint 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 bring the actual value to the setpoint here either. For the reason

described above, we also get a, albeit significantly smaller, steady-state control error
(e =w-Xx).

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?

il Engine_P_controller = 3|
Engine speed control with P controller
setpaint Actualvalue  Control deviation
5 & &
5
Engine voltage Engine speed Load % 5 5 a
31V 169 1000/min 50 3
. 4 4 2
= .
il
3
0 100 2 2 2
P 3
200 % 1 1 4
5
0 0 5
20 17 03
1000/min % v
& 100 —
(%) Auto. control 3
(") Manual control : 907;:
0
Control quality a 70{3
7.40 s
3 50—
P
» 2 B
30 L |
K 100 » El
1= 0
10—
[ o=+
20 17 20 Setp. speed 1000/min Engine speed 1000/min Engine voltage V 31
| Start ‘ ‘ Stop | | Reset ‘ Block structure Evaluation | Print ‘ @ ‘ << Back ‘ ‘ Continue >> ‘ Overview

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 setpoint and disturbance variable (command response and
disturbance response).
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Go to ,Overview" and select item 3.5 ,Closed-loop control with | controller®.
Press ,Start".

9.2.3 Closed-loop Control with | Controller:

Task 8.
Change the setpoint to 2 (1000/min). What will happen?

[l Engine_I_controller =) X

Engine speed control with | controller

Setpoint Actual value Control deviation
3 3 3
5
Engine voltage Engine speed Load % 5 5 r
33 v 200 1000/min 50 3
4 4 2
1
I@l ’ ’ :
-1
2 2 -2
P -3
1 1 4
-5
0 0 -6
20 20 0.0
1000/min % [] Trend Step v
6 — 100 —
(®) Auto. control 3 3 :
(") Manual control .= =
Control quality 4_§
207 E
s 2
-
>
Ti 50 E
13
o=y o
20 20 0 Setp. speed 1000/min Engine speed 1000/min Load ? Engine voltage V 33
‘ Start ‘ stop ‘ ‘ Reset Block structure Evaluation | Print @ | << Back ‘ | Continue >> ‘ Ouerview ‘

The engine speed is slowly increased by the | controller. The actual value reaches
the setpoint after a long period of time.
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Task 9.
Press ,Reset".

Change the time constant Ti to 1 and specify a setpoint jump from 0 to 2 (1000/min).
What will happen?

[l Engine_I_controller =) X
Engine speed control with | controller
Setpoint Actual value Control deviation
6 6 6
5
Engine voltage Engine speed Load % 5 5 r
33V 200 1000/min 50 3
4 4 2
1
@l ’ ’ .
-1
2 2 -2
P — 3
1 1 4
-5
o o -6
20 20 00
1000/min % [] Trend Step v
100 — — 10
(®) Auto. control E] ; E
() Manual control o e
80 = B &
Control quality 70— B 7
088 m—i f_ 6
50—} e s
g B
30— E .9
Ti 10 Ef E
= 203 [ =l
5 10} =
o—= o= B g
20 20 0 Setp. speed 1000/min Engine speed 1000/min Load 3 Engine voltage V 33
‘ Start ‘ Stop ‘ ‘ Reset Block structure Evaluation | Print @ | << Back ‘ | Continue > ‘ Overview ‘

By reducing the integration time to 1, the control loop begins to oscillate. However,
the actual value reaches the setpoint after a period of time.
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Go to ,,Overview" and select item 3.6 ,Closed-loop control with PI controller*.
Press ,Start".

9.2.4 Closed-loop Control with Pl Controller

Task 10.

Keep the set parameters:

Gain K =4, Reset time Ti = 5.

Change the setpoint from 0 to 2 (1000/min).
Observe the settling behavior.

[l Engine_PLcontroller = [
. .
Engine speed control with Pl controller
Setpoint Actual value Control deviation
6 6 6
5
Engine voltage Engine speed Load % 5 5 4
33 V 2.00 1000/min 50 3
4 4 2
1
@' | | .
-1
2 2 -2
=)
1 1 -4
-5
0 0 -6
20 20 0.0
1000/min % [] trend stop v
6 100 — 10
() Auto. control EA : :
() Manual control 5 0= ¢
80— 8
Control quality a 70— 7
0.28 50%: 6
3 50—5:, -------------------------------------------------------------------------------------------------- 5
ol :
2 =5
> N N
K: 40 R B R R et D e P COLEEEEEEE SCEEEEEEEE
203 2
i {Tn): 5.0 1 =
10— 1
oS g o F 0
20 20 ] Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 33
‘ Start ‘ | Stop ‘ | Reset | Block structure Evaluation ‘ Print ‘ @ | << Back | | Continue >> ‘ Overview ‘

The actual value (controlled variable, engine speed) of the control loop with the PI
controller and the set parameters reaches the new setpoint (reference variable,
setpoint speed) without overshooting.

The value for the control quality reaches 0.28.

Since the setpoint 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.

[l Engine_PLcontroller = [
. .
Engine speed control with Pl controller
Setpoint Actual value Control deviation
6 6 6
5
Engine voltage Engine speed Load % 5 5 4
37V 2,00 1000/min 50 .
4 4 2
1
@' | | .
-1
2 2 -2
=)
1 1 -4
-5
0 0 -6
20 20 0.0
1000/min % [] trend stop v
6 100 — 10
() Auto. control EA : :
() Manual control 5 0= ¢
80— 8
Control quality a 70— 7
0.28 Soé: 6
3 ﬁo—f: 5
ol :
»> B El -«
30— 3
K: 40 =y
20— 2
Ti (Tnj: 50 1 > =
10— 1
[ ok 0
20 20 20 Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 37
‘ Start ‘ | Stop ‘ | Reset | Block structure Evaluation ‘ Print ‘ @ | << Back | | Continue >> ‘ Overview ‘

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 setpoint 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.
Press ,Reset".
Set the controller parameters to gain K = 50 and reset time Ti = 0.5.

Enter a setpoint jump from 0 to 2 (1000 rpm).
Observe the behavior.

i} Engine_PIL contraller = X
Engine speed control with PI controller
Setpoint Actual value Control deviation
3 3 6
5
Engine voltage Engine speed Load % 5 5 a
00 v 2.02 1000/min 50 3
2 2 2
1
@' ’ ’ :
-1
2 2 -2
L/ E
1 1 -4
-5
0 0 -6
20 20 0.0
1000/min % [] trend Stop v
3 100 — - 10
(#) Auto. control E] :
O Manuzl contral 5 90_5' s
80— 8
I R e R o R e B (B o | R B T | O o | e R e EL R e R
Control quality 2 707:5 7
0.24 BO—E: 6
3 m—f -------------------------------------------------------------------- 5
od :
= AN ALY
2 =
[ W 03 .
K 50.0 e Rt | I B B R |
Ti (Tn): 05 1 20_;5 2
10—} 1
oS o o
20 20 ] Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 0.0
‘ Start ‘ | Stop ‘ | Reset | Block structure Evaluation ‘ Print ‘ 9/) | << Back | | Continue »> ‘ Overview ‘

The control loop becomes unstable with these controller parameters. The actual
value (controlled variable, engine speed) fluctuates around the setpoint (reference
variable, setpoint 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-state control loop. The smaller the number, the faster the control loop has
settled, i.e. the actual value has reached the setpoint 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 press "Reset". Setpoint
speed (setpoint), engine speed (controlled variable), control signal (engine voltage)

and disturbance (load) receive their initial values again.

Change the controller parameters and then set the setpoint to 2 (1000/min). Wait until

the control loop has settled.

[l Engine_P_cantroller

Engine speed control with Pl controller

Engine voltage

33 v

=3

Engine speed Load % 5

2.00 1000/min 50

1000/min
(#) Auto. control

O Manual control

Control quality
020

Parameters

S 50
Ti (Tn): 20

20 20

= wn @

M

-]

%

&2 853 3888

5 8

e o

--------------------------------------

--------------------------------------------------------

Setp. speed 1000/min

Engine speed 1000/min

‘ Start

[so |[ven

Block structure | ‘ Evaluation |

| Print

o |

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:

Press Reset

Set the controller parameters

Set setpoint to 2

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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9.2.5 Closed-loop Control with PID Controller

Go to ,Overview" and select item 3.7 ,Closed-loop control with PID controller®.
Press ,Start".

Task 14.

Investigate the command response with the preset parameters:
Gain K =4, reset time Ti = 5, derivative time Td = 2.

Change the setpoint to 2 (1000/min).

Observe the behavior.

[l Engine_PID_controller = = 28 |

Engine speed control with PID controller

Setpoint Actual value Control deviation
& & 3

Engine voltage Engine speed Load % 5 5
33 v 2.00 1000/min 50

2=

a a

3 3

L R R - B L R ]

a
o
a
o
=
o

=

1000/min % [] trend stop

=

@ Auto. control
O Manual control

Control quality
051

Parameters

K 40

Ti (Tn) 50
T (Tv) 20

& = M ow B o om o . W

Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 33

| Print | 9’; | << Back ‘

Continue =>

Block structure Evaluation

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

As can be seen in the trend diagram, the sudden change in the setpoint 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 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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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.

{dl Engine_PID_contraller = e X
Engine speed control with PID controller
Setpoint Acwalvalue  Control deviation
5 5 6
5
Engine voltage Engine speed Load % 5 5 a4
37V 2.00 1000/min 50 3
2 4 4 2
75 N
@l ’ ’ :
1
>
0 100 2 2 2
P — 3
200 % 1 1 -4
-5
0 0 -6
20 20 0.0
1000/min % [] trend stop v
56— 00 — 0
(#) Auto. control 3 3 '
(") Manual control B 2 75: 2
E| — 8
Cantrol quality 4_§ 7
054 E 6
33 5
= L
=
| N 3
& 20 =
. 3 2
Ti (Tn) 50 15
Td (T} 20 E E !
(B 0= 0
20 20 20 Setp. speed 1000/min Engine speed 1000/min Engine voltage V 3.7
‘ Start ‘ Stop ‘ ‘ Reset Block structure Evaluation | Print @; | < Back ‘ | Continue = Overview

The controller controls the disturbance without overshooting.
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Carry out tests for the command response with further controller parameters in order
to improve the control quality:

e Press Reset”

e Set the controller parameters
e Set the setpoint to 2 (1000/min)
e Wait until the control loop has settled.

[l Engine_PID contraller

Engine voltage

33 v

Engine speed control with PID controller

Setpoint
&
Engine speed Load % 5
2.00 1000/min 50
a

o=

@ Auto. control
O Manual control

1000/min

@

3

Actual value
&

5

4

3

Engine voltage V 33

Control deviation
3

L R R - B L R ]

5
Control quality 4
0.29
3
»> B
K: 60
Ti (Tn): 3.0 1
Td (Tv) 10
'— I
20 20 ] Setp. speed 1000/min Engine speed 1000/min
‘ Start | ‘ Stop ‘ ‘ Reset ‘ Block structure Evaluation | Print | @/J | << Back

With the parameters gain K = 6, reset time Ti = 3 and derivate time = 1, you get, for
example, a control quality of 0.29.
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In practice, the PI controller is mainly used. In many cases, the D component is
turned away in the PID controller, so that the controller then only works as a Pl
controller.

Note:

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

The D component considers the change between the setpoint and the actual value. If
the change increases, i.e. the difference between the setpoint and the actual value
increases, the D component adds a calculated value to the control signal. If the
change between the setpoint and the actual value becomes smaller, i.e. the
difference between setpoint and actual value decreases, the D component subtracts
a calculated value from the control signal. In principle, the D component takes into
account the trend as to whether the difference between the setpoint and actual value
is increasing or decreasing. If the difference increases, the D component amplifies
the control signal; if the difference between the setpoint and actual value becomes
smaller, the control signal is reduced.
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For engine speed control, select item 3.3 "Examine controlled system".

9.3 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.

Press “Start” and increase the control signal by 1V each time. Observe the engine
speed behavior (controlled variable).

Examine engine speed system

Engine voltage Engine speed Lozd %

70V 4.19 1000/min 50 Engine Engine

volage speed
System
v x

1000/min % [] trena stop v
6 1007: :—10
90— E— o
5 3 E
307: = 8
». 70—; |— E 7 4
507; l/ E 6
3 50 i ------------------------------------------------- i— 5
0=} | E a
2 | ; E
7 S R S A } """""""""""""""""""""""""""""""""""""""" S
4 = : E
= i S
o . o = E_ o
42 0 Engine speed 1000/min Load 3 Engine voltage V 7.0
[ |[ o |[ vt | @ [ [ ]| |
r [l Engine_measuremen t = e
| e e |ty T w90 S
EMG_'SE)V"""""""'} Setpoint motor speed 0.00 1000/min
MG_Ist Actual motor speed 4.20 1000/min
MG_Last Total load motor-generator 000 %
MG_Eingang Control value motor speed 700 V
Strecke untersuchen
Messung Nr. 1 (Standardmessung, 170.050 s) Speicherzeit: 170.050 s
Messungsbeginn: Mi 08.12.2021 15:32:33 Ende: Mi 08.12.2021 15:34:37

B.00 7---emeeqeens

5.40

Fs
s

4.80

420

3.60

3.00 1-

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
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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 Ruling

In order to use the controller tuning rules, e.g. according to Chien/Hrones/Reswick,
the controlled systems must be examined.

A unit jJump 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

Th = Tg = Compensation time
Ks = Gain

Ermittiung von T, und T, aus der
Sprungantwort einer Strecke mit Ausgleich

wit) |

Wendetangente

Wendepunkt

¥
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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 use both terms.

The controller parameters can then be calculated from the setting table according to
Chien/Hrones/Reswick:

Gitekriterium
Regler- Uberschwingung nach Gegenseite mit aperiodischer Regelvorgang mit
verhalten 20% von x,,, kiirzeste Schwindungsdauer kiirzester Dauer
Storung Fiihrung Storung Fihrung
0,7 L 0,7 T 0,3 T, 0,3 T,
- o Ze B2 o o Rz =22 g Kins 20 a8
P KP K S Tu KP K S Tu r K S Tu £ K S Tu
0,7 T, 0,6 T, 0,6 T 0,35 T,
I~ —_— p——% K ——> — . _g K = e _—E —_~ —_— . __&
AR L P TR 2T & R L KD
T,=2,3-T, =k T,=4-T, Ti=12sd;
1,2 T, 0,95 1 0,95 T, 0,6 T,
& ar T AT K e sl Kom e
i et S i P A il
T,=2-Tu T.=1535-T; T,=24-T, T,=T,
T,=~0,42-T, T,~=0,47-T, T,=0,42T, 7,=0,5-T,

5o T ;
Fiir Regelstrecken ohne Ausgleich ist statt —*=— der Ausdruck einzusetzen.

S*Lu KIS.Tu

[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=Thb
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For the engine speed system, select point 3.3 "Examine controlled system”.

Task 18.

Press ,Start” and increase the control signal (engine voltage) to 1V.

Wait until the controlled variable (engine speed) has settled.

@ Engine_examine_system

Engine voltage

10 V

")

Examine engine speed system

Engine speed

0.60 1000/min

Load %

Load
z
Engine l Engine
voltage speed
—_— System
Y x

Evaluation

1000/min % [] wend stop v
65— . 10
E 5
5 —3
E &
E 7
4—=
= 6
3% 5
= .
25
E 3
E 2
1=
» = E- 1
| o3 E_o T
06 Engine voltage V 10
[ ]| [ o | [ | [ oer ]
(i} Engine_measurement =l = |
] e b | b || 60|
MG_Soll Setpoint motor speed 0.00 1.00  1000/min
2 ~ i Actual motor speed 0.00 070 1000/min
MG_Last Total load motor-generator 0.00 20.00 %
MG_Eingang Control value motor speed 0.00 120 V
Strecke untersuchen
Messung Nr. 1 (Standardmessung, 1*0.050 s) Speicherzeit: 1*0.050 s
Messungsbeginn: Do 09.12.2021 08:13:40 Ende: Do 09.12.2021 08:18:03
0.70 gy T PTTTTTTYTTYTTT T [ A /IRt S e ;
063
0.56
0.49
0.42
0.35
0.28
0.21
0.14
0.07
0.00 I T T 1
Do 09.12.2021 08:13:40.000 dt: 00:00:14.250 Do 09.12.2021 08:13:54.250
L
<4 3
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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 holding and pulling.

By clicking on "Evaluation” you will get the saved signal curves.

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 O 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 jump 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 Tbh=Tg=2,727s Ks=0,6

By inserting the values in the table, we get for the PI 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
Tn=2,3*Te 0,69

Dusturbance 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 jump of the setpoint speed from 0 to 2 (1000/min)

[l Engine_PI controller = e

Engine speed control with PI controller

Setpoint Actual value Control deviation
() 6 6
5
Engine voltage Engine speed Load % 5 5 2
33V 200 1000/min 50 3
4 4 %
1
3 3 0
!
! 2 2 -2
-3
0 % 1 1 -4
-5
o o -6
20 20 0.0
1000/min % [] Trend Stop v
6 10
(%) Auto. control ] : :
O Manual contrel 5 E g
H 8
Control quality 2 7
021 E 6
3 - 5
£
2 H
> D E .-
K: 91 d
- B 2
Ti (Tn): 27 1 H
: 1
oS g o = o
20 20 ] Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 33
‘ Start ‘ ‘ Stop ‘ | Reset | | Block structure | Evaluation | | Print | @ | << Back ‘ Continue »> ‘ Overview

Command response with 20% overshoot

.
[l Engine_PI_controller = S

Engine speed control with Pl controller

Setpoint Actual value Control deviation
e & &
5
Engine voltage Engine speed Load % 5 5 "
33 V 200 1000/min 50 3
4 4 2
1
I@' 3 3 o
|
2 2 -2
P — >
0 1 1 4
5
o o -6
20 20 0.0
v

1000/min % [] wend stop
(®) Auto. control & =] '

() Manual control

Control quality

10
9
8
. | S B R A
oz | i i i | | | i =6
; SR | S W SRS SRS N O S S
| R
- | —_ . ..

5
4
K: 5.3 :
Ti (Tn). 33 1 2
: 1
o= gp o=F 0

20 20 0 Setp. speed 1000/min Engine speed 1000/min Load 9 Engine voltage V 33

‘ Start ‘ ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure ‘ Evaluation | | Print | @ | << Back | | Continue >> ‘ Qverview

Command response aperiodic
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il Engine_PI_controller = X
Engine speed co
Setpoint Actual value Control deviation
& & 3
5
Engine voltage Engine speed Load % 5 5 4
37V 2.00 1000/min 50 3
. 4 4 v
75 1
3 3 o
=l
2
o 100 2 2 -2
-3
200 % 1 1 -4
-5
o o -6
20 20 0.0
1000/min v
6
@ Auto. control
O Manual control
Control quality
0.28
L
K 106
Ti (Tn}: 0.7
20 20 20 Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 37
‘ Start | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure ‘ Evaluation | | Print | @/J | << Back ‘ | Continue => ‘ ‘ Overview

Disturbance response with 20% overshoot

4l Engine_PI_cantroller

Engine speed co

Setpoint
6

Engine voltage

37V

Engine speed Load % 5

2.00 1000/min 50

200 % 1

1000/min

T
(#) Auto. control
O Manual control

Control quality
0.29

Parameters

K 91

Ti (Tn): 12

20 20 20 Setp. speed 1000/min

Engine speed 1000/min

Actual value

6

Control deviation

Engine voltage V

6

L N R R

3.7

el

[ o [ ron | [sousman

Continue »» ‘ ‘

Overview

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 jump of the setpoint speed from 0 to 2 (1000/min).

The derivative time was taken as 0.5s, as the entry is limited to 0.5s

il Engine_PID_contraller = [ X
09.12.2021 . .
oaa055 Engine speed control with PID controller
Setpoint Actual value Control deviation
3 3 3
5
Engine voltage Engine speed Load % 5 5 a4
33 ¥ 200 1000/min 50 3
4 4 2
1
3 3 ]
-1
2 2 -2
-3
1 1 -4
-5
0 0 -6
20 20 0.0
1000/min % v
(#) Auto. control
O Manual control
Control quality
0.20
»> D L
K: 144
Ti (Tn) 37
Td (T 05 E
»
20 20 0 Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V' 33
‘ Start | ‘ stop ‘ ‘ Reset ‘ ‘ Block structure Evaluation | | Print | @; | < Back ‘ Continue >> ‘ Overview

Command response with 20% overshoot

IS
[l Engine_PID_controller = S
. .
Engine speed control with PID controller
Setpoint Actual value Control deviation
6 6 6
5
Engine voltage Engine speed Load % 5 5 2
33 ¥V 2.00 1000/min 50 3
4 4 2
1
I@' i ) .
|
2 2 -2
-3
1 1 -4
5
o o -6
20 20 0.0
1000/min % [] Trend stop v
& 10
@ Auto. control i |
() Manual control 5 ¢
3
Caontrol quality 2 T
0.21 &
3 5
4
2
| N 2 s 4
K: 9.1
o 2
Ti (Tn). 27 1
Td [Tv) 05 10— 4
o g oF 0
20 20 o Setp. speed 1000/min Engine speed 1000/min Load % Engine voltage V 33
‘ Start ‘ ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure Evaluation | | Print | @/; | << Back | | Continue >> Overview

Command response aperiodic
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For the disturbance the load was set from 0% to 20%.
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The derivative time was taken as 0.5s, as the entry is limited to 0.5s

[l Engine_PID_controller

Engine speed control with PID controller

Engine voltage Engine speed Load %

37 ¥ 2.00 1000/min 50

=

200 %

Setpoint
6
5
4
3
2
1
o
20

1000/min % [] Trend stop
@ Auto. control 8 é |
O Manual cantrol 5 _E
Control quality 4E
021 E
=
[ " S8=
k: 182 E
Ti (Tn} 06 1 —E
Td [T 05 E|
i:lfE 0
20 20 20 Setp. speed 1000/min Engine speed 1000/min
‘ Start | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure

‘ Evaluation | | Print | @/}

Actual value
6
5
4
3
2
1
o
20

Engine voltage V 37

Control deviation
6

L R S A O R L A ST

‘ | Continue >»

Overview

Disturbance response with 20% overshoot

r
[ill Engine_PID_controller

Engine speed control with PID controller
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m

200 %
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6
5
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3
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0
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1000/min % [[] trend stop
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022 E
3
[ W SE=
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Td [T} 05 E
o3 o
20 20 20 Setp. speed 1000/min Engine speed 1000/min
‘ Start | ‘ Stop ‘ ‘ Reset ‘ ‘ Block structure ‘ Evaluation | | Print |

)

Actual value

]
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4

Engine voltage V 37

Control deviation

6

L R S R R A )
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‘ | Continue >»

Overview

Disturbance response aperiodic
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9.5 Assessment of the Controller Tuning Rules

Controller tuning rules are empirically determined methods that are suitable for
calculating thumb values for good controller parameters.

The settings for the controller parameters differentiate between disturbance and
command behavior. Different controller parameters are calculated.

If you want to cover both cases (disturbance and control behavior) with your
controller parameters, 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:

Ingenieurbiro Dr.-Ing. Schoop GmbH
Riechelmannweg 4

D-21109 Hamburg

Tel.: +49 40754 922 30
www.schoop.de

Email: info@schoop.de
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