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Preface

Control technology is a key component in modern automation technology and is a central
pillar within industry. However, it is often considered to be highly theoretical and based
on math. This specialist book therefore concentrates very strongly on practical aspects of
control technology.

As simple as possible, the book shows users how to define controlled processes and deter-
mine suitable control parameters. This specialist book is based on the author's experience
as a lecturer in measurement and control technology, which spans more than 20 years. Nu-
merous practical tips and tricks from concrete startup scenarios have also been included.
In spite of its universal validity, this specialist book focuses on the use of JUMO devices.
The company can call upon decades of experience in the development and production of
technical control devices. Its extensive product portfolio stretches from one-channel control-
lers right through to complete automation solutions. The company's devices can be found in
a multitude of applications right across the globe.

The specialist book “Control technology — Basic principles and tips for practitioners” has
for years been extremely popular with users from a range of industries as well as those
studying this field.

JUMO offers practical control technology seminars that include a high proportion of practical
work (https://en.jumo.de/web/services/jumo-campusl/literature).

We hope that you enjoy reading this specialist book and that you will find it useful. We would
be glad to receive any requests or suggestions that you might have for future issues.

Fulda, Germany, February 2024

Manfred Schleicher

Comment:

This specialist book has been prepared to the best of our knowledge and belief. We assume no liability for possible errors.
The definitive source of information are always the operating manuals for the relevant devices.

JUMO
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Key terms and overview

1 Key terms and overview

1.1 The closed control loop
The closed control loop contains the control process, a controller, and an actuator:

Energy

:

b Yo
Controller —> Actuator

v
<

Sensor

Fig. 1: The closed control loop

The control process is the part of the plant where the control variable (x) is kept constant.
One example of this is a gas-operated furnace (Figure 1). The control variable or actual value
is the temperature inside the furnace. For the measurement of temperature in industrial pro-
cesses usually RTD temperature probes or thermocouples are used. The electric thermome-
ters can be directly connected to the controller, which determines the temperature on the basis
of the measured resistance/respectively the voltage. The actual value is influenced by the
output level (y). In the shown example, the flow of gas is the output level.

Actuator

In most cases it is not possible for the controller to directly influence the output level; an ac-
tuator is required. The actuator is driven by the controller output level (y;), which is normally
between 0 and 100 %. In the example shown (Figure 1) a proportional valve is used as the ac-
tuator. If the controller output level is 100 %, the maximum volume/time of gas enters the con-
trol process. Accordingly, if the controller output level is 50 % approximately half the amount
of gas enters the process. The controller output level y, indicates the approximate percentage
of the maximum possible output and, when compared with the output level y, represents the
more important of the 2 measurands for control engineers.

JUMO 1"
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Controller

There is a setpoint value (w) adjusted on the cont-
roller. By varying its output signal, the controller regu-
lates the actual value to this setpoint value. The dif-
ference between the setpoint and actual value (w - x)
is known as the control deviation e. If one of the
disturbances z changes, this will have an undesired
effect on the actual value.

Further information on disturbances is provided in
Chapter 2.

Figure 2 shows the controller screen for a JUMO DI-
CON touch with the actual value, setpoint value, and
controller output level.

1.2 Open-loop control in manual
mode

DICON touch

647,0°
6500 2l

273 %

SRR

‘ o

Fig. 2: Controller screen for
JUMO DICON touch

In so-called automatic mode, the controller regulates the actual value to the setpoint as descri-
bed above. Modern compact controllers also allow the actuator to be operated manually — in
this manual mode, a defined controller output level can be specified by hand. The controller
output level results in a power provided by the actuator and, ultimately depending on the plant,
in a certain actual value. In manual mode the actuator, and therefore also the actual value, are
managed by open-loop control; closed-loop control is deactivated.

1.3 Control response

In most applications, compact controllers operate as PID controllers. The intensity of the com-
ponents is adjusted to the respective control process through the dimensioning of the control
parameters Py, (proportional band), r; (reset time), and d (derivative time).

set

—

Fig. 3: Criteria for the control quality
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Figure 3 shows the possible control behavior after a sudden change of the setpoint value. The
following measurands can be used to assess the control quality. The rise time (T,) indicates
the time after which the actual value reaches the setpoint value for the first time after having
specified the new setpoint. A band can be defined around the setpoint value (+/- Ax), where
the dimensioning of this band depends on the requirements for the closed-loop control. The
time after which the actual value lies permanently within this band is called the settling time
(Tset)-

If an overshoot occurs after having specified a new setpoint value, then the term overshoot
(Xmax) refers to the maximum difference between the actual value and the setpoint value.

The smaller the values for T,, T¢et, and Xiax, the higher the control quality.
1.4 Actual value processing

1.4.1 The sampling time

Modern compact controllers operate on the basis of microprocessors that require a certain
computing time. The actual value is measured via the sensor, processed internally, and the
output level is provided. Once the output has been updated, the input signal is read again. The
time between 2 read processes of the input signal is called the sampling time.

The sampling time for JUMO controllers typically range from 50 to 250 ms. 250 ms is usually
sufficient for most control tasks in process technology. Very fast tasks (such as controlling the
pressure of a press) require a lower sampling rate.

1.4.2 Universal inputs on JUMO compact controllers

Most JUMO compact controllers feature universal analog inputs, to which sensors e.g. for
measuring the actual value are connected.

In measurement and control technology, the transfer of measurement values take place using
so-called standard signals. The current signal of 4 to 20 mA is predominantly used for this
purpose, but the signals 0 to 20 mA, 2 to 10 V, and 0 to 10 V are also available. The universal
inputs can evaluate standard signals, as shown in Figure 4 for a pressure transmitter.

Power supply unit 24 V

4 to 20 mA corresponds to
0 to 10 bar

JUMO) DICON fouch

i - ] (] T 8|

<

Fig. 4: Example of signal transfer using a standard signal of 4 to 20 mA

JUMO 13



The pressure transmitter shown has measured a relative pressure of 0 to 10 bar and outputs
this value using an analog signal of 4 to 20 mA. The universal input of the controller is set to
4 to 20 mA, and scaled to 0 to 10 bar. The measured pressure is available in the controller and
all settings refer to the scaled unit (in bar). The power supply unit provides the voltage supply
for the pressure transmitter.

JUMO compact controllers are used extensively for temperature control tasks. The devices
allow RTD temperature probes to be connected directly:

(JUMB) DICON fouch

Stki 0 Stk2 I Stk3 O Stk4 O
[Progruntime 000222

O @ o v m

Fig. 5: RTD temperature probe on JUMO DICON touch compact controller

The universal input of the controller must be configured for the RTD temperature probe (two-
wire connection) and the relevant linearization (Pt100, Pt1000, etc.) must be selected. The
controller uses the linearization to determine the temperature at the RTD temperature probe
on the basis of the measured resistance value.

The industry standard is a three-wire connection, but RTD temperature probes can often also
be connected using a four-wire concept.

——0
\{ Stt ' St

o . o

L—o o

Fig. 6: RTD temperature probe for the food industry and
schematic diagram of three-wire and four-wire connection concept
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The main reason for the use of thermocouples is a relatively high temperature (typically gre-
ater than 600 °C). The universal inputs on JUMO compact controllers also allow this type of
thermometer to be connected, see Figure 7.

Fig. 7: Push-in thermocouple and symbol

The universal input of the controller must be configured for the "thermocouple" setting and
the relevant linearization [such as NiCr-Ni (type K)] must be selected. With the aid of the line-
arization, the controller determines the temperature at the thermocouple on the basis of the
measured thermoelectric voltage.

The feedback on the position of actuators such as valves, flaps, etc. can be provided via
resistance transmitters. The elements are integrated in the actuator and the slider moves
depending on the respective position:

End (QUMB) DICON fouch

Controller ¢

(e}

‘ 647.0°
Slelar ¢« 6500 2

Start

Fig. 8: Actuator made by ARI Armaturen including the connection of the output level
feedback to the JUMO DICON touch compact controller

JUMO 15
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The universal input of the controller must be configured for the "resistance transmitter" setting,
and the display values for "slider = start position" and "slider = end position" must be entered,
usually 0 to 100 (%).

1.4.3 Connection of sensors for liquid analysis

JUMO has decades of experience in the production of sensors for liquid analysis. Sensors to
measure the pH value, redox potential, and conductive and inductive conductivity etc., can
be directly connected to JUMO transmitters and controllers used in analytical measurement.

gl
.

: D o’/
L) ) o
pH Redox Conductive four- Inductive conductivity
combination combination electrode conductivity sensors
electrode electrode sensor

Fig. 9: Sensors for liquid analysis

1.5 Types of outputs on JUMO compact controllers

The respective control process, the required control quality, and the availability are key criteria
when selecting the most suitable actuator. The actuator, in turn, requires a certain operate sig-
nal from the controller. JUMO controllers offer the following options when it comes to outputs:

1.5.1 Continuous output

Continuous actuators constantly change the output level depending on the controller output
level. Examples are:

» Frequency converters for controlling the speed of an asynchronous motor
» Proportional valves for controlling the flow
» Thyristor power controllers for controlling electrical power

The actuators are operated with standard signals (Chapter 1.4.2) via a continuous output.



4 to 20 mA

0to 5 kW
0to 100 %

4 to 20 mA

Fig. 10: JUMO diraTRON 104 compact controller,
JUMO TYA 201 thyristor power controller, and heating element

The controller (Figure 10) provides the controller output level in the form of a 4 to 20 mA sig-
nal. The thyristor power controller changes the power for the heating element in proportion to
the current signal.

1.5.2 Binary outputs

JUMO compact controllers are ideally suited to control a wide range of physical measurands.
The components are used widely for temperature control in particular. Binary outputs are often
used to control this measurand. This output type can be used for sluggish processes - with the-
se, the controlled variable does not fluctuate, even though the energy is supplied intermittently.

The classic binary output type is the relay output. It is available as a normally open contact or
changeover contact. The mechanical output is used for control tasks that require a low swit-
ching frequency (power contactors, solenoid valves, etc.).

AC 230 V

AC 230V

Controller

Fig. 11: Normally open contact for controlling a relay



In order to use relay outputs consideration must be given to the contact life. For example, the
technical specification of a compact controller may include the following information concer-
ning the switching contact: contact life of 350,000 switching operations at the rated load or
750,000 switching operations at 1 A. The faster the process is, the higher the required swit-
ching frequency.

Solid state relays or Triacs are used for higher

switching frequencies and to switch an alternating

(!) voltage, see Figure 12.

The elements contain 2 thyristors connected in an . -

. . - Fig. 12: Schematic diagram of a
antiparallel manner and switch the alternating vol- solid state relay or Triac
tage with virtually no wear at all.

Binary outputs (for example 0 or 12 V) are used for controlling actuators with a direct voltage
and low power requirements. A typical application is the control of thyristor power switches for
supplying electrical power to heating elements:

Thyristor
Controller power switch AC 230 V

Heating element

N

Fig. 13: Operating a thyristor power switch
via the logic output of a controller

Dosing pumps are used to add acids, lyes, or chlorine, for example. The actuators often fea-
ture a pulse input that can generally be operated

with a relay output. Due to the high switching fre- o

quency, so-called PhotoMOS® relays are used,

see Figure 14. %

PhotoMOS® relays enable wear-free and potenti-

al-free switching of direct and alternating voltages ——o0

(the potential is separated between the controller

and dosing pumps). Fig. 14: Symbolic diagram of a
PhotoMOS® relay

—
p——



1.6 Overview of controller types
JUMO controllers can be used to implemented the following controller types:

Continuous controllers operate continuous actuators using a continuous output. The control-
lers change their output signal in proportion to the respective output level (usually 4 to 20 mA).

00 100 % / I
4to 20 mA 4t020 MA ——m8»

|><

- 0to 100 %

Continuous controller

Fig. 15: Schematic diagram of a continuous controller

Two-state controllers feature a binary output for operating the actuator. In addition to a relay
output, the binary outputs described in Chapter 1.5.2 are also possible. The controllers vary
the relative switch-on time in proportion to the calculated output level.

w 0to 100 % / ; Actuator
relative switch-on time / —_—
x| | 0to 100 % 0to 100 %

Two-state controller

Fig. 16: Schematic diagram of a two-state controller

In order to control dosing pumps, controllers used for analytical measurement can also be
operated with a pulse frequency output. In this case, the binary output is operated with a fre-
quency that rises in proportion to the output level.



Three-state controllers allow the control variable to be influenced in 2 different directions.
Examples include heating and cooling, humidification and dehumidification, and neutralization
with lyes and acids. The output level of these controllers is in a range from -100 to +100 %. If
the output level is positive, the relative switch-on time for actuator 1 is increased in proportion
to the output level. If the controllers are operating with a negative output level, the relative
switch-on time of actuator 2 is increased accordingly:

0to +100 % / r Actuator 1
relative switch-on time -
0to 100 % (e.g. heating)
v
X —e  -100 to +100 %
0to-100 % / r Actuator 2
relative switch-on time -
0to 100 % (e.g. cooling)

Three-state controller

Fig. 17: Schematic diagram of a three-state controller

All binary outputs described in Chapter 1.5.2 are also available for three-state controllers.
When using JUMO controllers from the field of analytical measurement, both outputs can be
operated as pulse frequency outputs.

Instead of providing the output level using binary outputs, continuous outputs can also be
used.

Modulating controllers and position controllers operates motor actuators. The 2 outputs
of the controllers open and close an actuator via the motor. The position controller requires
feedback on the position of the actuator. The modulating controller does not require this output
level feedback.



The control process

2 The control process

2.1 General information on the control process

The control process is the part of the plant where the actual value is adjusted to the setpoint
value. When assigning the actuator to the control process, the control process starts at the
point where the controller provides its output level. The control process ends at the point whe-
re the actual value is measured — at the sensor. Disturbances influence the control process,
and any changes to these disturbances will affect the actual value.

Figure 18 shows a gas-operated furnace as an example of a control process:

Distur- Gas Calorific Ambient
bances  pressure value temperature Loading
Controller \———}— ———————— }————————}— ————————— { e
output 1 | Actual
level 1 I value
] Valve Burner Furnace Product Sensor | | ———»
1 |
1 |
1 |
1 [}
by _____________/|
’ . z
Block diagram: ¢

Fig. 18: Example of a control process

The controller output level is provided for the valve. The temperature of the furnace product
is to be controlled. A temperature sensor is located in the product and thus at the end of the
control process.

The control process includes timing elements and energy storages, which slow down the
dispersal of the energy: if the controller output level changes, the valve moves into the new
position relatively quickly. A new flow of gas for the burner is quickly established. The inside
of the furnace slowly heats up and the temperature of the furnace product will increase after
a long delay.

Changes to disturbances will influence the actual value. 1 disturbance in the system is the gas
supply pressure. After the actual value is regulated to the setpoint, dynamic control deviations
will occur if the gas pressure changes. The controller counteracts by changing the output level
and compensates the effect of the disturbance.

JUMO 21
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2.2 Processes with and without compensation

2.2.1 Processes with compensation

The control process shown in Figure 18 is a process with compensation. The specified out-
put level of the controller and the resulting actual value behave in proportion to one another.
Figure 19 shows the course of the actual value for a process with compensation after sudden
increases in the output level:

yix 4

Actual value

Output level

>
>

t

Fig. 19: Course of the actual value for a non-linear control process with compensation
in the case of stepped increases in the output level

In the example shown the output level suddenly increases by the step size, which is always
the same. The resulting change to the actual value gradually decreases. The control process
with compensation behaves in a non-linear manner.

The transfer coefficient for the controlled system is the ratio of the actual value change to
the change of the output level. Non-linear control processes change the transfer coefficient
according to the working point. This may require changing the control parameters for different
setpoints.

22
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2.2.2 Processes without compensation

Processes without compensation respond to a step change in the output level with a con-
tinuous change to the actual value. The slope of the actual value depends on the process
characteristics and is proportional to the specified output level.

Figure 20 shows the behavior of a process without compensation, whereby the example pro-
cess shown has no delays or dead-time elements:

0 0
Kis
y X Parameter:
— —> transfer coefficient K g
| element

Fig. 20: Step response of a process without compensation and block symbol

If the output level for the process is 0 % (Figure 20), the actual value remains unchanged.
A sudden increase in the output level results in a ramped change to the actual value until it
reaches the limit. The ramp slope is proportional to the specified output level. The designation
"l element" (integral element) is derived from the integral-action behavior.

The following applies to the specification of an output step:
Ax =K *x Ay x t (1)

K: Transfer coefficient of the control process without compensation

For a non-constant output level, the following applies:

t
Ax=Kg [y x dt
t

0

Examples of processes without compensation include:

* Level control (Figure 21)
« Linear drives for positioning workpieces

JUMO 23
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t

Fig. 21: Level control process

Figure 21 shows the classic example of a process without compensation. The level in a fluid
container is controlled via a supply valve and applicable sensor technology. The container also
features a drain valve, which is closed for this consideration. Opening the supply valve causes
an even increase in the level.

The further the valve is opened, the quicker the increase in the level. The level increases until
the container overflows; there is no self-stabilization.

In contrast to a process with compensation, an equilibrium state for the actual value does not
occur if the output ratio is not 0 % (except if drain = supply).

2.3 Processes (process sections) with proportional response,
dead time, and delay

All of the following observations apply to processes with compensation.
2.3.1 Processes with proportional response

Proportional control processes amplify the specified output level with transfer coefficient Kg
with no delay:

YA XA

| [ & "
Yo p——t-----l-o- Xy p————d -

0 0
Ks
Parameter:
y X ici
- transfer coefficient Kg

Fig. 22: P control process — step response and block symbol
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If there is a sudden increase in the output level, the actual value increases in proportion. For
the relationship of the actual value change Ax with respect to an output change Ay, the equa-
tion already described applies:

AX = K x Ay (©)

The described proportional behavior is usually present in combination with the following
time elements.

2.3.2 Processes with dead time

P processes often occur in conjunction with dead-time elements. These so-called PT4 proces-
ses are defined by the transfer coefficient and the dead time:

e
—

Lo

,_,,.-4444444
—_-

= dbo—

—_

s d Parameters:
M transfer coefficient Kq
y_» — dead time T

Fig. 23: PT4 process — step response and block symbol

The process responds like a P control process, but in the event of a step change to the output
level, the actual value only changes once the dead time has elapsed. The following formula
demonstrates the relationship between the actual value change and the output level change:

Ax = Kg x Ay, but delayed by the dead time T, (4)

JUMO 25
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One example of a PT, process would be a conveyor belt where a constant quantity of bulk
material needs to be controlled:

Actuator

Ve F Sensor

Q O

A
Ye

on the actuator

on the sensor

Fig. 24: Control of bulk material quantity on a conveyor belt

A controller actuates a flap with its degree of operation. If there is a sudden increase in the
output level at the controller, the flap opens without a delay (assumption). A certain quantity
(bulk material/time unit) falls onto the conveyor belt. However, the conveyor belt requires the
dead time to transport the bulk material to the sensor.

Numerical example for determining the characterizing parameters:

An output level specified at 50 % results in an actual value of 100 t/h. If there is a sudden in-
crease in the output level to 75 %, this results in a sudden change to the bulk material quantity
to 150 t/h after 10 s.

The following applies to calculate the transfer coefficient:

t t
150 - 100 _

75 % - 50 %

26
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t
X7

az2 % increase in the bulk material quantity. In addition to the transfer coefficient, the process

is defined by the dead time of 10 s.

The longer the dead time, the more difficult it will be to optimize the controller being used.
Where possible, dead times should already be minimized through project planning.

The transfer coefficient of 2

means that a 1 % increase in the output level will result in

2.3.3 Processes with delay

For processes with delay, after a change in the output level, the new actual value is obtained
with delay. The delay results from the required charging of energy storages. The process is
comparable to that for charging capacitors.

In math terms, the processes can be described by an equation with a term (an exponential
element) for each energy storage. As a result of this relationship, these types of processes are
called processes of first order, second order, third order, etc.

Control processes with a delay resp. an energy storage change the actual value imme-
diately after having specified the step change. Directly after activation of the step the rate of
change of the actual value is the highest. The actual value then moves more and more slowly
towards its final value (Figure 25).

X [%]
Y AX 100
63 1--
Ay 50
t t
Parameters:
transfer coefficient KS
time constant TS
Ks Ts

&

X G

y —>

Fig. 25: Process of the first order; PT1 process

Figure 25 shows an example of a process of first order at the bottom right:

A water bath is heated electrically by means of a heating coil. The heating coil is unable to
store energy and is immediately heated once the output level has been provided in the form
of electrical power. The thermal energy reaches the water without a delay and the water tem-
perature immediately increases. The sensor being used has a very low mass and measures
the water temperature without a delay. In this system, only the water is able to store energy.
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If there is a sudden increase in the output level, the water temperature will change according
to the following equation:

-t

Ax = Kg x Ay x (1-eT5)

The characterizing parameters for the process of the first order are the transfer coefficient Kg
and the process time constant Tg. The 2 measurands can be determined from the step res-
ponse of the process. For this purpose, an electrical power of 5 kW is applied to the heating
element as an example and the actual value (the water temperature) is recorded.

The following figure shows the course of the actual value after specifying the output step.

x[°C] 4
so 1

20

100 200 300 400 500  fs]

Fig. 26: Example diagram of the step response of a process of the first order

The actual value is 20 °C and increases to an end value of 80 °C after having specified the
step change. The change to the actual value is therefore 60 K.

The transfer coefficient of the control process is given by:

The control process amplifies the output level with the transfer coefficient. Assuming a linear
behavior, a power increase of 1 kW will result in a temperature increase of 12 K.
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The process time constant Tg corresponds to the time after which the actual value has in-
creased by 63 % of the overall change.

C+60Kx63%=58°C (8)

In the example shown, a temperature of 58 °C is reached after 100 s.

With the 2 characterizing parameters for the process of the first order (K5 and Tg), the formula
for the process step response is as follows:

-t
x=60K><(1-e1005)+20°C

Processes with 2 delays
Processes with 2 delays (second order) have 2 energy storages.

y X [%]
AX 100 e
Ay i Ax = K x Ay
i Inflection point |
t t it t
Parameters:

transfer coefficient Kq
time constants T1, T2

V]
2 R 2
y |/_ |/— X

y —>

Fig. 27: Process of second order; Pt, process

A heating rod with a relatively large mass is used to heat the water bath. The heating rod is
the second energy storage. If there is a sudden increase of the heating power, this is used at
the beginning to heat the heating rod. As the heater rod heats up, the water temperature rises
more and more steeply. The water temperature becomes more and more equal to the heater
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temperature and thus the course of the water temperature becomes flatter and flatter. At the
end the water temperature runs to its final value. Figure 27 shows the tangent applied at the
steepest point.

The PT, process is defined by the 2 time constants and the transfer coefficient. The step res-
ponse is calculated according to the following equation:

-t
T2

= RN T_) : -
Ax = Kg x Ay x (1 T1-Tze 1 +T1-Tze 2 Equation applies to T1 # T2 (11)

It is not practicable to determine the 2 process time constants from the step response. The
time behavior of second and higher order processes is characterized in practice by substitute
parameters.

Processes of a higher order

In practice, control processes usually consist of more than 2 energy storages. However, the
character of the step response of such processes is the same as that of the processes of
second order previously described.

2.4 Recording of the step response for control processes

Control processes usually consist of several elements with delays and dead time:

EHCEHEHEHIE:

Fig. 28: Block diagram of a control process with several delays and dead time

The block diagram in Figure 28 shows 4 energy storages and a dead-time element. With real
processes, the practitioners do not know the order of the process or its time constants. They
also have no knowledge of how many dead-time elements are present.

Processes of second order and higher (including dead-time elements) are characterized by
substitute variables. The substitute variables and rules of thumb allow optimal control parame-
ters to be determined later. The substitute variables are the transfer coefficient (Kg) (discussed
above), the delay time (T, ), and the compensation time (T,).

The characterizing parameters are determined by recording the step response:

A step change to the output level is supplied to the control process and the course of the actual
value is recorded (see Figure 29). The recording is ended when the actual value has reached
the end value. A line is plotted parallel to the time axis at the level of the final actual value.
By creating the tangents to the actual value, it is possible to determine the point at which the
slope of the actual value is greatest. The tangent with the greatest slope is plotted (inflectional

30



tangent). The time from the step change until the intersection of the inflectional tangent with
the time axis is the delay time (T,); the time from this intersection until the intersection of the
inflectional tangent with the max. line corresponds to the compensation time (T). The transfer
coefficient results from the change in the actual value divided by the output step change.

Example:

Ks, Ty, and Ty are calculated for an industrial furnace. The furnace has cooled down and the
temperature inside is 20 °C. Using the controller, the output level is suddenly increased from
0 to 50 % in manual mode and the actual value is recorded. Figure 29 shows the course of
the actual value:

y[%] 4

&9 |booooocoosoe

x[°C] 4

520

20

Fig. 29: Calculating the delay time and compensation time

A straight line is plotted parallel to the time axis at the level of the maximum actual value
(520 °C). The transfer coefficient can therefore already be calculated. To determine the inflec-
tional tangent, the tangents are created to imaginary points on the course of the actual value
(from left to right: 1', 2', etc.). Starting at 1', the first tangent is created, which is relatively flat.
The tangents at the imaginary points 2' and 3' are steeper. The tangents at points 4' and 5' are
flatter again. The steepest area is determined in this way. In Figure 29 the tangent at point 3'is
the steepest. The inflectional tangent is used to determine the times mentioned.



The control process

The ratio Tg/TU can be used as a measure for the controllability of a process:

Ty/Ty>10 easy to control

Tg/T,=10-3 somewnhat easy to control

Tg/Ty <3 difficult to control

The higher the number of energy storages in a control process, the smaller the ratio Tg/Tu will

be and control will become increasingly difficult. Indeed, the large energy storages have a
considerable influence on the ratio, however.

Example:

A process of a higher order consists of many energy stores. 2 of the energy storages have
relatively large time constants, however. The behavior of the process therefore corresponds to
a process of second order and the ratio Ty/T,, will be relatively large.

If the characterizing parameters are used in the rules of thumb (Chapter 4.3.2), this usually
results in suitable control parameters for a PID controller, for example.
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3 Controller components PID and
the control parameters

This chapter explains the controller components P, I, and D, and the control parameters
Kp (Pp), 1, and d; using the example of a continuous controller (output signal 0/2 to 10V,
0/4 to 20 mA).

3.1 P controller

A P controller (proportional controller) calculates the control deviation on the basis of the set-
point and actual value, and amplifies this deviation with the proportional coefficient Kp. The
result is output as the output level (Figure 30).

Actual value (x)  Control deviation
ﬁ e=(w-Xx)

Amplifier Output level (y)
(Kp)
s

Setpoint value (w)

Fig. 30: Function principle of a P controller

The proportional coefficient is set on the controller by the user.

y = Kp x (W - x) (12)

The controller operates with the dimensionless numerical value of the control deviation.
However, Kp is generally expressed by the unit %, divided by the unit of the actual value:
%/Kelvin, %/bar, %/(rpm) etc.

Examples:
If the control deviation is 5 K, a P controller for a thermal process with a Kp set to 10 %/K
provides an output level of 50 %.

If the control deviation is 20 bar, a P controller for pressure control with a Kp set to 4 %/bar
calculates the output level as 80 %.
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Fig. 31: Step response of a P controller

Figure 31 shows the step response of a P controller — here, the response of the output level to
a suddenly changing control deviation is considered. The P controller changes its output signal
in proportion to the control deviation without a delay.

In JUMO controllers, the P component is defined by the proportional band and not by the pro-
portional coefficient. The proportional band is explained in the following.

3.1.1 The proportional band

A P controller with a proportional coefficient Kp exemplary set to 2 %/K amplifies the control
deviation in a linear manner until it reaches 50 K (Figure 32).

0K 0%
20 K _ . 40 %
a0k | Pp=90K K, =2 |/<° 80 %
50 K 100 %
60 K 100 %

Actual value (x)  Control deviation

j‘_ e=(w-Xx)

O—. Ampliifier | Outeut level (y)
(Kp)
__/ *

Setpoint value (w)

Fig. 32: Proportional coefficient K, and proportional band P,
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The control deviation at which the controller outputs just 100 % with an increasing control
deviation, is defined as the proportional band (P). On a controller used for heating, the pro-
portional band is below the setpoint value:

The proportional band

Output level [%] 4
Setpoint w
100 1
50 1
50 50 200 T[°C]

Fig. 33: Characteristic line of a proportional controller

The characteristic line (Figure 33) shows the behavior of a P controller. The output level is
drawn on the Y-axis. The setpoint value can be found on the X-axis (the characteristic line
intersects with the X-axis here, at 150 °C in the example shown). The actual value is also
shown in Figure 34:

Output level y [%] A The proportional band

Setpoint w
100 — T, —>

50 +

50 100 150 200 T[°C]

(1) @) @)

Fig. 34: Characteristic line of a proportional controller with plotted actual value

The proportional band in Figure 34 is 50 K. If the control deviation is > 50 K the output level is
100 %. If the control deviation is smaller than the proportional band, the output level is reduced
in proportion to the control deviation.
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If the actual value is approx. 25 °C (1), it can be seen from the intersection with the graph
line that the controller is output a level of 100 %. The actual value increases due to the high
output level and subsequently reaches approx. 90 °C (2). The output level is still 100 % and
is reduced as from a value of 100 °C. As from 100 °C, the actual value lies in the proportional
band (Py). If, for example, the actual value is in the center of the proportional band (125 °C),
the output level is still 50 % (3). If the actual value is greater than/equal to 150 °C, the output
level is 0 %.

Steady-state control deviation

If the actual value is above the setpoint value, heat output is no longer fed into the system. In
the case of a furnace, the furnace will no longer be heated. In the example, the temperature
will drop below 150 °C and the output level will increase. The process will reach a balanced
state - if an actual value of 125 °C requires an output of 50 %, this is the case at this tempe-
rature.

The disadvantage of the P controller is the resulting control deviation. As a result, it is only
used rarely. The P component is usually combined with an | component and in many cases
also a D component.

The steady-state control deviation can be reduced by reducing Py,. In the example, the as-
sumption was made that the actual value stagnates at 125 °C as an output level of 50 % is re-
quired for this temperature. If the proportional band is reduced to 25 K, the output level initially
increases to 100 % and the actual value moves closer to the setpoint value.

However, as P, decreases, the tendency of the actual value to oscillate increases:

Medium P, Small P,

Fig. 35: Control response for different P

The large oscillations occurring with a small P, are due to the fact that the power is reduced
very quickly when the actual value enters the proportional band, meaning a balanced state
cannot be established immediately.

Relationship between proportional band and proportional coefficient

APy, of 50 K (Figure 33) therefore corresponds to a Kp of 2 %/K.
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Inverse and direct control direction

Power [%]
a) A

Inverse control direction

fmmmmmceeceeeae S

><V

Power [%]
b) A
100 1

Direct control direction

fmmmmmmmmmmmmemee—- S

Fig. 36: Inverse and direct control direction

Depending on whether the operated actuator influences the actual value towards larger or
smaller values the respective direction of action is defined at the controller.

For an inverse control direction, see a), with an increasing actual value, the output level is
reduced after reaching the proportional band. If the actual value = setpoint value, the power is
0 % (the inverse control direction is required for heating, humidification, increasing pressure,
etc.).

When direct action b) is set, the output level is increased with an increase in the actual value.
The increase of the output level starts when the actual value is at least equal to the setpoint
value. If the actual value is at or above the upper limit of the proportional band, the output
level is 100 % (the direct control direction is required for cooling, dehumidification, reducing
pressure, etc.).
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Output value limit
Controllers with only 1 controller output generally provide the output level in the range from
0 to 100 %. In the case of oversized actuators, the output level can be given an upper limit:

100 %

Y

1

Y,

Provided output level

0
0 100 %

Calculated controller output level

Fig. 37: Using the upper output value limit

In JUMO controllers, the upper output level limit is set using parameter Y; and the output level
is limited to this maximum value.

A minimum output level is defined with Y, when using a continuous controller (Figure 37). This
output level will be provided at the very least, regardless of the control deviation.

Three-state controllers (which are described later on) influence the actual value in 2 directions.
The overall output level is -100 to +100 %. The maximum possible output level for the second
controller output can also be restricted using the lower output value limit (Y,) (for instance, to
50 % if Y, is set to -50 %).
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3.2 | controller

| controllers (integral controllers) form the areas that are enclosed over time between the
control deviation and time axis:

Fig. 38: Step response of an | controller

Figure 38 shows the step response of an | controller: before the step change the control de-
viation is 0, and in this case the | controller retains its current output level. If the output level
was previously 0 %, it remains at this value. If the control deviation is suddenly set to a positive
value, the controller determines the mentioned areas and provides these with its output level.
In other words, the controller increases its output level as soon as there is a positive control
deviation. If the control deviation is constant, the output level is ramped up to 100 %. If the
control deviation offered is twice as large, the controller builds up the output level twice as
fast (see the dotted lines in Figure 38). If the actual value is greater than the setpoint value (a
negative control deviation), the output level will be reduced accordingly.

xw[°Cl ¢
y [%]

2

Fig. 39: The | controller in a closed control loop
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Figure 39 shows the course of the setpoint value, actual value, and output level for an | cont-
roller in a closed control loop:

ty  The setpoint value is suddenly changed, the output level is immediately increased by
the | controller, and the actual value is changed with a delay.

t,  The actual value becomes greater and the control deviation smaller.
The controller builds up its output level more and more slowly and the actual value
increases at a slower rate in the direction of the setpoint value.

t3  The controller has performed adjustment and the control deviation is 0. The | control-
ler retains the output level it has built up.

Generally speaking the | controller offers the advantage that it eliminates the control deviation.
However, its slow response is a disadvantage.

The integration time (T)
The integration time is used to change the speed of the | controller. In the case of a constant
control deviation, the controller equation is:

1
y—foe><t+yto (14)
Yio Output level at beginning of consideration

The smaller T, is, the faster the | controller will build up its output level. The formula shows that,
once the time T, has elapsed, the controller has increased the output level by the available
control deviation (without taking the dimension into account).

Example:

If T) has been set to 60 s and the control deviation is 2 K, the output level increases by 2 %
over 60 s. In the case of a changing control deviation, the output level is formed according to
the following equation:

xiw [°C] 1
yI%]| w

t
Fig. 40: | controller with a large T,
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An | controller with a relatively large integration time with respect to the process responds
slowly (Figure 40). The controller builds up the output level slowly. The actual value moves
very slowly in the direction of the setpoint value.

x/w [°C]

yeu| S O~~~

t

Fig. 41: | controller with small T,

An | controller with an integration time that is too small with respect to the process (Figure 41)
builds up the output level too quickly. If the actual value reaches the level of the setpoint value,
the output level of the controller has taken on an excessively high value. The power fed into
the process is too high and the actual value rises above the setpoint.

Use of | controllers

| controllers are used relatively rarely, examples are strongly pulsating measurands (e.g. pres-
sure control). They are still used for dead-time control processes and processes which have a
relatively small compensation time in relation to the delay time (Ty/T, < 3).

3.3 Pl controller

PI1 controllers combine the benefits of the respective components: speed (P) and elimination
of the control deviation (l). If a control deviation occurs with a Pl controller, the P component
amplifies this and provides a relatively large output level. The | component increases its output
level for the duration of a positive control deviation and ensures that the control deviation is
brought to 0.

When combining the | component with a P component, the parameter for the integration beha-
vior is known as the reset time (r;). On | controllers this was called the integration time (T). In
the case of |, PI, or PID controllers, only 1 parameter should be used for the | component. For
this reason, the integral behavior of JUMO controllers with only an | structure is also defined
using the reset time (ry).

Figure 42 shows the step response of a Pl controller:
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Fig. 42: Step response of a Pl controller

The 2 control parameters Py, and r are used for Pl controllers: the smaller the value set for Py,
the harder the P component works. The smaller the value set for r;, the faster the | component
will form its output level.

The r; set on the controller can be determined on the basis of the step response from the PI
controller (Figure 42): the ramp of the output level is extended to the left. The time from the in-
tersection with the time axis until specification of the step change is the reset time. In the case
of a constant control deviation, the output level is formed according to the following equation:

Ay=1Fb><1OO%><(Ae+1?"><Ae><t)

or when rearranged:

100 % 100% 1
X A +

Ay = x — xAe xt
y P, © P, Ty

P component | component

It can be seen from the equation that the configured Py, is also included in the integral behavi-
or: if P, is reduced, the | component works faster, for instance.

Detailed information on this topic is provided in Chapter 3.5.1.
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In the case of a non-constant control deviation, the controller operates according to the fol-
lowing equation:

The PI controller in a closed control loop

TI[°C] 4
400 T Setpoint w
300 1
200 +
100 f——— -

TICly
400 T

300 7
200 T

100 1

Actual (3)
value x ¢

y [%]
100 1

Output level y

50 4

Fig. 43: Pl controller in a closed control loop

Figure 43 shows the behavior of a PI controller in a closed control loop: the setpoint value,
actual value, and output level before and after a change to the setpoint value are shown.

(1)  The setpoint value is 100 °C, the controller has performed adjustment, and an output
level of 25 % is output. If the control deviation is 0, the P component does not provide
an output level and the output signal will be supplied by the | component only.

(2)  After the setpoint value has been changed to 300 °C, the actual value is outside of
the proportional band. The output level of the P controller is 100 %. As a result of this
change, the output level provided by the | component is set to 0 %. On account of the
high output level, the actual value enters the proportional band. The P component
falls below 100 % and the | component builds up the output level. The P component
is reduced as a result of the decreasing control deviation. The | component increases
and adjusts the actual value to the setpoint value.

(3) Inthe adjusted state, the | component supplies the entire output level again (50 % in
the example shown).
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3.4 PD controller

The D component (derivative component) reacts when the actual value changes and counter-
acts it. For a controller with an inverse control direction, it provides a negative output level with
an increasing actual value. Accordingly, a positive output level is provided for a decreasing
actual value.

Figure 44 shows the behavior of a PD controller after an increase to the setpoint value:

T[°Cl4
400 1
300 T
200 T
100

Setpoint w

(1) @)

Actual value x

-100 +
A,

1004 D component

Yo [%]14 i

-100 +
Y

Fig. 44: The PD controller in a closed control loop

P component
At the beginning the setpoint value is 100 °C and the actual value is slightly below 100 °C. The
control deviation results from the absence of an | component, and only an output level that is
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proportional to the control deviation is provided. The setpoint value is then increased to 300 °C
(1), the control deviation is greater than the proportional band, and the P component provi-
des an output level of 100 %. The control deviation becomes smaller and the output level is
reduced once the actual value has entered the proportional band. If the actual value exceeds
the setpoint value, then the P component is 0 %. If, after a while, the actual value is below the
setpoint value, a P component greater than 0% is output again.

D component

At the beginning the actual value stagnates and the D component does not form an output
level. The actual value increases (1) and the D component provides a negative output level in
proportion to the slope of the actual value. This output level reduces the overall output level
and the increase of the actual value is slowed down. With a flattening actual value curve, the
output level of the D component is increasingly further reduced. If the actual value has no
slope, the output level of the D component is 0 % (2). While the actual value is decreasing
"after (2)" the D component counteracts the movement of the actual value using a positive
output level.

Users can influence the intensity of the D component with the derivative time d;. The larger the
parameter is dimensioned, the stronger the described effect will be.

x/w [°C]
y [%]

t

Fig. 45: PD controller with d; =0 s (D component is ineffective), P controller

Figure 45 shows the control behavior of a PD controller with a derivative time of d =0s —
the D component is ineffective. Due to the relatively small proportional band, the actual value
tends to oscillate as it moves toward the end value.

a) b)
x/w [°C] x/w [°C]
y [%] y [%] M

Fig. 46: PD controller with a) optimal setting for d; and b) too large a setting for d;
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Figure 46 a) demonstrates the control behavior for a favorably set d;: if the actual value incre-
ases, the D component reduces the overall output level; if the actual value is decreasing, the
component increases the overall output level.

Thanks to this damping the controller can be operated with a relatively small proportional band:
the tendency to oscillate that results from the high gain is suppressed by the D component.

A d; that has been set too large will cause the control response shown in Figure 46 b): after
the change to the setpoint value, the P component will provide an output level of 100 %. As a
result of the increasing actual value and the too large d;, the D component reduces the total
output level to 0 % and the actual value curve becomes flatter. Due to the smaller slope of
the actual value, the D component reduces its negative output level, which causes the actual
value to increase again at a faster rate. As a result of the faster increase in the actual value,
the D component reduces the total output level again, and so on.

In a closed control loop, the actual value is influenced by changes to disturbances and moved
away from the setpoint value. The D component counteracts the movement of the actual va-
lue (Figure 47), thereby reducing the maximum control deviation in the event of changes to
disturbances.

e 4

Y A §
§ P component
N 3 t
y :
| D component
y A

-7 PD controller
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Fig. 47: Ramp response of a PD controller
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In Figure 47, the actual value decreases due to a changing disturbance. The control deviation
increases and the P component forms its output level in proportion to the deviation. In the
case of small control deviations, this output level is very low and influences the actual value to
a correspondingly minor extent. The D component is effective from the moment in which the
actual value changes. The intensity is proportional to the rate of change.

If the slope of the actual value is constant, PD controllers with an inverse control direction form
the output level according to the following equation:

AX

y= - 100 % X(e-TVxE)

If the slope of the actual value changes, the output level is formed as follows:

y= %DX1OO%X(e-TVX%—);)

dx
pre Slope of the actual value (for temperature control, for example in K/s)

3.4.1 The practical D component — the DT, element

In principle the step response of a PD controller can also be analyzed. However, the rate of
change for a step change is infinite. As a result, the D component output level derived from a
step change would have an infinitely high value for a theoretically infinitely brief period of time
(Figure 48 "Theory").

In practice, sudden changes to the actual value tend to be an exception. However, sudden
changes for the measured value, caused by the sampling rate of the control devices, are also
caused in the case of a constantly changing signal.

In practice, the signal of the D component is damped by a T, element.

Figure 48 shows the step response of the "practical D component". T, is the time constant of
the T, element. In practice, the time constant is automatically dimensioned at dy/4 and cannot
be set by users. Using the step response of the "practical D component”, the derivative time
d; can be calculated from T, on the basis of the ratio T, = d, /4.
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3.5 PID controller

PID controllers are used in the majority of applications. The parameters Py, r;, and d; must be
set for these controllers. The parameters set in the controller can also be determined from the
step response (Figure 49).

e A
Ae
t i t
X A |
t
A
y D component | component
P P component
,,,,,,,,,, ;.’___*_______________,,,,,,,,,,,,,,,,,,,,,,,,,
: I% x 100 % x Ae
s ! b
—r e

q t

Fig. 49: Step response of a PID controller

The D component responds exclusively to the change to the actual value; the changed control
deviation in Figure 49 is therefore the result of a change to the actual value.

In the case of a sudden reduction in the actual value, the D component immediately provides
a positive output level and thus counteracts the movement of the actual value. As a result
of the control deviation, the P component forms a positive output level in proportion to the
control difference. In addition, the | component increases its output level, but the ramp of the |
component can only be seen when the | component is at the same level as the D component.

The equation for the PID controller is:

Ay = - %100 % x (e+ T xfexdt-T,x %)
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Changing the control parameters has the effects already described:

Larger P}, corresponds to smaller P component
Smaller gain, resulting in more stable but also slower response.

Larger r, corresponds to smaller | component
| component integrates more slowly, resulting in more stable but also slower response.

Larger d; corresponds to larger D component
Counteracts the change to the actual value more strongly, resulting in more stable response;
d; must not be too large.

3.5.1 Block diagram of a PID controller

Setpoint Control
value (w) deviation +l
T Lt e=(w-x) Output level (y)
> >
=0
— - )
Actual
value (x)
> D

Fig. 50: Block diagram of a PID controller

As can be seen from the equation for a PID controller, the P component also influences the |
and D behavior. Figure 50 shows this structure.

If the proportional gain is doubled (by halving Py), components | and D also work at double
the intensity.

Example:
The PID controller shown in Figure 50 is set to r;=10s and P, = 100 K (the D component
should be excluded from this example). The control deviation is 2.

When considered in dimensionless terms, the P component has a gain of 1 (Kp=1/
Py, % 100 %).

The | component needs exactly the time r; to reproduce the input signal at its output in a di-
mensionless manner. The output level is increased by 2 % within 10 s. If doubling the propor-
tional band or halving the gain, the | component is also reduced by half.

Therefore, increasing the proportional band, for example, will slow down the response of the
| component and reduce the intensity of the D component, and the 2 components are moved
in the right direction. If retuning is required, it is therefore often sufficient to change the propor-
tional band, with no modifications required to the other control parameters.

For a PID controller, the | and D behavior is also influenced when the proportional band
is changed.
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4 Tuning controllers and
selecting the controller structure

4.1 General information

This chapter describes various tuning methods and the autotuning function available in JUMO
controllers. At the end of the chapter there is a selection aid to help you select the right cont-
roller structure for various control variables.

4.2 Transient behavior/disturbance behavior

x/w (2) +z

(1) w

Fig. 51: Transient behavior and disturbance behavior of a control loop

Controllers are typically tuned in terms of their transient behavior (1). For this, the control be-
havior is considered after a new setpoint value has been specified.

Non-constant disturbances result in a temporary control deviation. The disturbance behavior
shows how the control deviation is eliminated following the change to the disturbance (2).

Controller tuning is usually performed on transient behavior and the disturbance behavior is
accepted. Optimization to changing setpoint values, tends to rather large values for the control
parameters (Py, r, and d,). The disturbance behavior can be tuned further by reducing the
control parameters. If a new setpoint value is specified with these parameters, an overshoot
is very probable, however.

Parameter sets and parameter set switching

In JUMO controllers, the control parameters can be stored multiple times in different para-
meter sets. For example, parameters for optimal transient behavior can be stored in the first
parameter set, and parameters for good disturbance behavior can be stored in the second
parameter set. Switching between the parameter sets can, for example, be based on the con-
trol deviation. If there is a large control deviation, parameter set 1 (good transient behavior) is
activated, for example. If the control deviation falls below a defined value, there is a switch to
parameter set 2 (good disturbance behavior).
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4.3 Tuning methods

We recommend the following procedure to tune a controller:

If comparable plants/control loops exist, the control parameters of the controllers used in these
systems can be used on a trial basis. Alternatively, the autotuning function included in JUMO
controllers can be used. Both autotuning methods are described in Chapter 4.4.

If neither of the described options leads to the desired result, one of the tuning methods de-
scribed in this chapter may be used.

The control process response depends on the working point. Before tuning, the plant must be
set to an operating status for which optimized control parameters are expected later on. For
example, a furnace should be loaded before tuning, or a demand must be generated for a flow
heater. If a setpoint value needs to be specified during tuning, this should lie within the later
working range.

4.3.1 The oscillation method according to Ziegler and Nichols

The method is used for relatively fast control processes. To prepare for the method, the cont-
roller is set to P structure and a relatively large P, is adjusted. A setpoint value lying within the
subsequent working range is defined (Figure 52).
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Fig. 52: Course of setpoint value and actual value with
application of the oscillation method

With the relatively large proportional band, the actual value tends to oscillate little as it moves
toward the end value [Figure 52 (1)]. There is a permanent control deviation due to the ab-
sence of an | structure.

Py, is reduced (Figure 52 [2]): The actual value increases and runs with greater oscillation
tendency to the final value. In certain circumstances the proportional band is reduced several
times until the actual value is permanently oscillating (Figure 52 [3]). The proportional band
required for this method is called Py, (critical P,) and must be determined as accurately as
possible (do not reduce P, in excessively large intervals).
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x/w 4

t Fig. 53: Critical period duration

Based on the permanent oscillation of the actual value (Figure 53), the critical period duration
T, represents the second characterizing parameter to be determined for the method. The cri-
tical period duration T, (in seconds) is determined from the time interval between 2 minimum
values, for example.

Py and T are used in the following table for the desired controller structure:

Controller structure Control parameters

=) Py =Py /0.5

PI Pp = Ppe / 0.45
r,=0.83 x T,

PID Py =Py: /0.6
r=05xT,
d;=0.125 x T,

Table 1: Formulas for the parameters according to the oscillation method

4.3.2 Method on the basis of the process step response
according to Chien, Hrones, and Reswick

In this method the control parameters are calculated relatively quickly, even for slow control
processes. The method is applied for processes as from the second order and is characterized
by the fact that it distinguishes between the formulas for transient and disturbance behavior.

For the rules of thumb, the transfer coefficient of the control process, the delay time, and the
compensation time are determined on the basis of the step response. Chapter 2.4 describes
the process in detail.
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Controller Transient Disturbance
structure
P P, =3.3xKgx (T,/Tg)x100% | P,=3.3xKgx (T,/Tg)x 100 %
PI P, = 2.86 x Kg x (T,/Tg) x 100 % | P, = 1.66 x Kg x (T, / Tg) x 100 %
rt=1.2><Tg n=4xT,
PID P, =1.66 x Kg x (T, /Tg) x 100 % | P, =1.05x Kg x (T, / Tg) x 100 %
n=1xT, r=24xT,
d;=0.5xT, di=042x%xT,
Table 2: Formulas for setting on the basis of the process step response
Example:

A controller with a PID structure is to be used for a laboratory furnace. The aim is to achieve
good disturbance behavior, and the typical setpoint value is 200 °C.

The output level is gradually increased in manual mode until the actual value is slightly below
the subsequent setpoint value (wait for the respective compensation processes). For examp-
le, with an output level of 60 %, a temperature of 180 °C is reached. Starting from 60 %, the
output level is suddenly increased to 80 % and the actual value is recorded.

x[°C]

Step
60 to 80 %
>

180

Tg=300$

Fig. 54: Step response of the laboratory furnace

Based on the step response (Figure 54), the following is determined with the aid of the inflec-
tional tangent: delay time T, = 60 s, compensation time Ty = 300 s.

The transfer coefficient of the controlled system results from the change in the actual value
divided by the output step:

AX _

Ax 210°C-180 °C
Ay ~

80 % - 60 %

_ 30K

= 0% =15K/%

Ks =
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Using the rules of thumb, this results in the following parameters for the disturbance behavior:

60 s
300s

x100%=315K  (23)

The step change to the output level must be performed in the area of the subsequent working
point. Additionally, the step size must be set high enough to enable analysis of the course of
the actual value.

Once the step change to the output level has been specified, it is necessary to wait for the end
value of the actual value.

A time-saving alternative is the method according to the rate of rise:

4.3.3 Method according to the rate of rise

In terms of the step change specification, the procedure is the same as that for the method on
the basis of the process step response: before the step change, an output level is specified
that results in an actual value that is slightly less than the setpoint value used later on.

°C
e CANCELLATION

Step
60 to 80 %
—>

180

1
1
1
]
:
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1
.
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1
1
1

le—>
T =60s
u

Fig. 55: Course of the actual value for the method according to the rate of rise

The step change is specified again for the laboratory furnace from Chapter 4.3.2, whereby the
subsequent working point is also 200 °C. Specifying an output level of 60 % in manual mode
results in an actual value of 180 °C. The output level is suddenly increased to 80 %.
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After specifying the step change, the actual value increases after a while. The recording con-
tinues until the actual value reaches its maximum slope. The inflectional tangent is also drawn
and the delay time calculated for this method as well. The second characterizing parameter is
the maximum rate of rise, which corresponds to the slope of the inflectional tangent. The ma-
ximum rate of rise can be determined by applying a slope triangle to the inflectional tangent:

_ M

Vmax T At (26)

The determined values V5, (0.11 K/s) and T, (60 s) are used in the following formulas:

Controller Control parameters
structure
P Pb = Vimax X Ty X Y / Ay Yy = maximum adjustment range
(usually 100 %)
PI Pp=1.2 %X Vo X Ty Xy / Ay Ay = specified step change to
r=33xT, output level (20 % in the
PD Py =0.83 X Viay X Ty %y / Ay example)
d;=0.25x%T,
PID Pp =0.83 x Vay X Ty Xy / Ay
=2xT,
d;=05x%xT,

Table 3: Formulas for setting according to the rate of rise

For a PID controller, the following values arise with the formulas:

P, =083 xV_ xT, x X—;=O.83 x 0.11 sx 0% o074k (27)

20 %

5x60s=30s
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4.3.4 Empirical method for determining the control parameters

This method is used to successively determine suitable settings for the P, D, and | compo-
nents. Starting from the passive state (an output level of 0 %), the typical setpoint value is
specified each time; the method is therefore only suitable for relatively fast control processes
(such as fast temperature control processes or control variables such as speed or flow).

a)P b) PD c) PID
Setpoint specification Setpoint specification Setpoint specification

e e e 2

t

Fig. 56: Optimization of a PID controller according to the empirical method

The P structure is activated for the controller. The proportional band is set relatively large (the
dimensioning depends on the control process) and the setpoint value in the subsequent wor-
king range is specified. The actual value will move slowly toward the end value and a relatively
large control deviation is produced. The setpoint value is then specified with an increasingly
small proportional band P,,. The aim is to achieve a Py, with which the actual value reaches its
final value after 2 to 3 complete oscillations (Figure 56a).

For a smooth start-up, the structure needs to be switched from P to PD. Starting with a small
setting for the derivative time, the setpoint is repeatedly specified with an increasingly large
d;. If the actual value reaches its final value with the smallest possible oscillation, d; is at its
optimal setting (Figure 56b).

Note: as soon as the controller sets the output level to 0 % even just once during start-up, this
means that d, is set too large.

The | component is activated by switching the structure to PID. A favorable reset time r; is
usually 4 times the previously determined d;. Figure 56c) shows the behavior for a setting of
r=4xd.

On some processes it is not possible to activate all components. If P structure already shows
an unstable behavior for large settings of Py, it will not be possible to use the P or the D struc-
ture. The | controller needs to be used instead.

If the P controller was successfully tuned, but the activation of the D component makes the
control loop unstable, the Pl structure should be used.

JUMO 57



Tuning controllers and selecting the controller structure

4.4 Autotuning in JUMO compact controllers

Autotuning finds practical control parameters (P, r;, and d;) for many applications. As for the
previous tuning methods, the operating conditions that will exist later on must be established
for the plant (for example, a furnace must be loaded or a demand must be generated for a
flow heater).

The standard method is the oscillation method.

4.41 The oscillation method

During autotuning, the controller calculates a switching line. If the actual value reaches this
line, the output level is changed from 100 % to O % (or vice versa). The controller calculates
the control parameters based on the course of the actual value:

W/X 4 w ‘ ) o
Calculated / \ A

switching 2 @ U(4)
line !

(1)
TUNE start
y 4

t

Fig. 57: Course of the setpoint value, actual value, and output level during autotuning
according to the oscillation method

In the example shown (Figure 57), autotuning is started once the setpoint value has been spe-
cified (1). The controller sets its output signal to 100 % and the actual value increases. During
start-up, the controller calculates the mentioned switching line. If the actual value reaches this
line, the controller sets its output signal to 0 % (2). In the case of processes with a delay, the
actual value also increases with an output signal of 0 %. Ideally, the actual value will reach
the setpoint value and then change direction. The actual value decreases and, with reaching
the switching lines again (3), the power is set to 100 % again. As a result of the delays, the
actual value only changes direction after a while. After the controller output has been switched
off (4), the actual value reaches its maximum level for a second time (5). At this moment the
controller has determined its control parameters, which it then uses to adjust the value to the
setpoint value (6).

The method can generally be started with any actual value.
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As can be seen in Figure 57, the controller alternately outputs an output level of 0 and 100 %.
Furthermore, when optimizing during start-up, the maximum output level is activated for a
long time. Due to this behavior, in special cases the material to be treated or even the plant
itself may be damaged. Examples include plastics processing machinery or large industrial
furnaces. Furthermore, the method according to the oscillation method is difficult to apply for
systems that cool down only very slowly. It is extremely difficult to generate oscillations with
these processes.

In the cases described above the alternative method based on the step response is used:

4.4.2 Step response method

With this method, the controller provides a standby output (0 % per default) when autotuning
starts and waits for the actual value to stabilize (Figure 58). After this, the controller increases
the output level in a step-like manner, and the actual value rises with increasing greater slope.
When the actual value reaches its maximum slope the control parameters have been determi-
ned and autotuning is terminated:

y ¢ I
3 Step size
y standby ‘ >
P ; t
x & }
D : t
Start  Step End

Fig. 58: Course of the actual value and output level during autotuning
according to the step response method

Once autotuning has finished, the user defines the setpoint value and the identified parame-
ters are used to adjust the actual value to the setpoint value.

Tips for using this method: before starting autotuning, set a proportional band > 0 for the
controller. Furthermore, the controller uses the reset time to calculate the time from the start
of autotuning to the step output. If the time until output of the step change appears to be too
long for a relatively fast control process, autotuning can be interrupted, a smaller reset time set
(such as 40 s), and autotuning restarted.

JUMO 59



Tuning controllers and selecting the controller structure

When using two-state and three-state controllers, before starting autotuning, the cycle time
(sum of switch-on and switch-off time) must be set to a sufficiently small value that, with
constant output level no oscillation of the actual value results even with the pulse sequences.

Control processes modify their response depending on the working point. The step change to
the output level is therefore performed in the area of the subsequent working point:

Output level y
4 Step size _;,\

30 %
y standby (45 %) -

Actual value [°C]

200 ...

(1) (2) (3)
Start Step End

Fig. 59: Performing a step change to the output level in the area of the working point

For example, the typical working point in an application is 200 °C. In order to use the method,
the approximate output level for the working point must be known. In the example, the menti-
oned 200 °C is reached with an output level of approx. 60 %, whereby the output level can be
determined in manual mode, for example. The standby output is defined such that this enables
the actual value to be below the subsequent working point. When autotuning is started (1) the
standby output is provided (this has been defined at 45 % in the example). As soon as the
actual value is stable, the output level is increased by the step change for the output level (for
example 30 %) (2). The actual value increases and once it reaches the greatest slope (3) the
control parameters were found and the controller uses them to adjust the value to the defined
setpoint value.
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Fig. 60: Autotuning settings in the
configuration program of a JUMO controller

To use the method, Step response is set under Method (Figure 60); the setting Oscillation
is set per default. The standby output and step size are parameterized in the same menu.

4.4.3 Further information on autotuning

Both methods can only be used for processes with compensation.

The oscillation method can be used for any configurable controller (continuous, two-state,
three-state, modulating, and position controllers).

The same applies to the step response method, but in the case of modulating controllers this
method is only used for a standby output of 0 % and for a step size of 100 %. This is due to
the fact that modulating controllers have no information of the actual position of the actuator;
see Chapter 5.3.2.

For both methods, the structure is automatically set to PID after autotuning and the parame-
ters Py, r, and d; are calculated. There are 2 exceptions in this context:

For various control processes, use of the D component results in an unstable response. Ex-
amples include pressure and flow control processes. In these cases, the Pl structure is set
before autotuning is used. Tuning is then carried out for a Pl controller and the autotuning does
not change the structure.

If a process of the first order is detected during autotuning, the structure is changed to PI.

In the case of two-state and three-state controllers, the controller also calculates the cycle
time for the binary outputs (sum of switch-on and switch-off time) in addition to the control
parameters for the PID behavior.

In order to successfully determine the cycle time, the type of output must be configured:
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Fig. 61: Type of outputs for autotuning

In the case of a continuous controller, Analog must be set for 1.Controller output type.

For a two-state controller, the settings Relay and Semiconductor/Logic are possible under
1. Controller output type.

For a three-state controller, the output type must be set for controller output 1 and controller
output 2. Possible types are Relay and Semiconductor/logic, as well as Analog.

Differentiating between the Relay and the Semiconductor/logic settings
With the setting Relay, autotuning calculates the cycle time only as short as necessary. The
relay and downstream mechanics are protected as far as possible.

With the Semiconductor/logic setting, the cycle time is calculated as small as possible (the
output will switch very frequently).

4.5 Manual retuning of a PID controller
Applying one of the tuning methods presented in this chapter, will most probably result in a
stable, but not optimal control behavior.

The control result can be further improved by manual retuning. If the behavior of a PID control-
ler can be assigned with one of the curves 62b to 62e, you will find information in this chapter
for further tuning.
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Fig. 62: Information for retuning a PID controller

The diagram shows an optimal behavior of a PID controller.

After specification of the setpoint value, the actual value increases steeply until it reaches
the proportional band. If the actual value enters the proportional band, the P component
is reduced and the | component ensures the value is adjusted to the setpoint value. The
increase of the | component takes place slowly on account of the relatively large r, and the
control deviation is slowly eliminated. For faster integration, r; must be set smaller; d, is
also reduced according to the ratio di/r, = 1/4.

When the actual value enters the proportional band, the | component increases the out-
put level. The increase continues until the actual value reaches the setpoint value. In the
example shown, the | component builds up an excessive output level until the elimination
of the control deviation, and the actual value gets above the setpoint value. If there is a
negative control deviation, the output level is reduced too quickly and the actual value falls
below the setpoint value, and so on. The symmetrical oscillation of the actual value around
the setpoint value indicates that r, is set too low. r, must be made larger and d; must also
be increased according to the ratio di/r; = 1/4.
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d) The | component is formed from the time the actual value enters the proportional band until
the elimination of the control deviation. Due to the large Py, the | component already starts
to form its output level when there is a large control deviation. Due to the large control
deviation at the start, the | component forms its output level relatively quickly. When the
control deviation is eliminated the | component is too large and the actual value surpas-
ses the setpoint value. With a smaller setting of P, the | component starts to build up its
output level at smaller control deviations and therefore with smaller slope. The one-time
overshoot shown becomes less likely.

e) With a Py, that is set too small, the output level of the P component is reduced shortly
before the setpoint value is reached. When the actual value enters the proportional band,
the P component is sharply reduced and the actual value decreases. Due to the larger
control deviation the output level becomes larger and the actual value increases. In the
proportional band, small changes in the actual value lead to large changes in the output
level, resulting in a high tendency for oscillation. This can be calmed by increasing the
proportional band.

4.6 Selection aid regarding the controller structure for different
control variables

The PID structure demonstrates the best control response for the majority of applications.
However, a number of control variables exist for which certain components need to be deac-
tivated:

Processes with a small T¢/T,, ratio become unstable if the D component is used; the Pl struc-
ture is recommended.

If the T /T, ratio is very small, even the P component will cause instability; the I controller
should be used instead. The most extreme example is a control process with only dead time
with a ratio of T4/T,, = 0.

The D component is generally disturbing with pulsating control variables since it continuously
counteracts the change to the actual value.

Processes without compensation need the use of the P or PD structure. The PID structure may
also be used if disturbances are taken into account.

Control variable Recommended controller structure

Temperature PID

Pressure |

pH value Throughput control: PID; stand-alone basin: P or PD

Rotational speed of a motor PI

Flow |

Level P or PD (PID in certain circumstances)

Transport (bulk material) |

Positioning P or PD

Table 4: Selecting the controller structure for common control variables
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5 Controllers with binary outputs

This chapter covers two-state, three-state, modulating, and position controllers. Apart from
one exception for three-state controllers, these controllers exclusively feature binary outputs.
The outputs can be relay, logic, solid state, or PhotoMOS® outputs.

The controllers are used to operate digital actuators such as relays, thyristor power switches,
or solenoid valves, for example.

5.1 Two-state controller
Two-state controllers provides 2 states: 1 and 0 or on and off. They enable control of a binary
actuator in relatively slow processes.

The controllers can be described as a combination of a continuous controller and a downstream
switching stage. The switching stage implements pulse width or pulse frequency modulation:

—_— Yy L y
Continuous ‘ ,| Switching N o
X controller stage
e
Continuous output signal Switching sequence

P/PD/I/PI/PID

Fig. 63: Two-state controller as a continuous controller with downstream switching stage
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5.1.1 Two-state controller with pulse length output

> ) Ye 0to 100 % y
Continuous _
> Rel. = Process
X controller switch-on
Em—— time 0 to 100 %

Continuous output signal
P/PD/I/PI/PID

Switching sequence

Fig. 64: Two-state controller with pulse length output

Two-state controllers with pulse length output vary the relative switch-on time of the output in
proportion to the continuous controller output level y.:

a) Different output level with the same cycle time

y 4
On
y =50 %
Cy =20s
0 10 20 30 40 50 t[s]
y A
On
y=25%
Cy =20s
05 20 25 40 45 t[s]
b) Same output level (y = 25 %) with different cycle times
y A
- C,
On
y=25%
Cy =20s
0 20 40 t[s]
y A
On —Cy
y=25%
C,=10s
T T T T >
0 10 20 30 40 t[s]

Fig. 65: Two-state controller with pulse length output
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Figure 65a) shows the output signal of the controller with an output level of 50 % and 25 %.
Accordingly, the controller activates its output for 50 % and 25 % of the time, and the output
level corresponds to the relative switch-on time.

For the pulse length output, the cycle time C, needs to be defined. The output switches on and
off once within the cycle time; in the example shown C, is 20 s.

If the cycle time has been set too large for the process, then the actual value will fluctuate even
if the output level remains the same. Figure 65b) shows a constant output level (25 %) with dif-
ferent cycle times. In the second case, a smaller cycle time has been set (10 s). The energy is
more finely dosed and this results in smaller fluctuations of the actual value. The setting for the
cycle time must be so small that it results in no, or acceptable, fluctuations of the actual value.

If mechanics need to be operated, the cycle time C, should only be set as small as is required.
A small C, negatively affects the operating life of items such as relays or contactors. In the
case of electronic outputs (logic, solid state, or PhotoMOS® outputs) the C, can be set as
small as possible to maximize the control quality.

5.1.2 Two-state controller with pulse frequency output

: Yo 0to 100 % y
Continuous _
> »| Process
X controller 0 to max.
—_— pulse frequency
Continuous output signal Switching sequence

P/PD/I/PI/PID

Fig. 66: Two-state controller with pulse frequency output

Two-state controllers with pulse frequency output vary the pulse frequency of the output in
proportion to the continuous controller output level y.. For the switching stage, the maximum
pulse frequency is defined on the controller. The frequency at the digital output (0 to maximum
pulse frequency) is varied in proportion to the controller output level (0 to 100 %). Two-state
controllers with pulse frequency output are used to operate dosing pumps.
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5.1.3 Minimum ON period for two-state controller with pulse length output
or pulse frequency output
Some actuators that are controlled with pulse length output need to be activated and deacti-

vated for a minimum period of time. In addition to the cycle time (C,), many JUMO controllers
therefore also allow the minimum ON and OFF period (T ) to be specified.

Figure 67 shows the status of the binary output for a two-state controller with pulse length
output. The minimum ON period is 20 s and the cycle time is 100 s.

Example: T,=20s,C,=100s

a) Y =20 % 4
on |

20s 100 s t
b) Y=10% 4
On |

_I + I_I >

20s 100 s 200 s t

Fig. 67: Settingof T, #0s

In Figure 67a), the controller provides an output level of 20 %: it closes the output for 20 s and
opens it for 80 s (with this output level the cycle time of 100 s is maintained).

In Figure 67b), the controller provides an output level of 10 %: the output is also activated for
20 s in this case. For 10 % of maximum power, 9 times the deactivation time for the output
is required. For the stated output level, the controller extends the actual cycle time to 200 s.

If a dosing pump (controlled with a pulse frequency output) requires a minimum pulse length,
this is also set using T.
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5.1.4 Exception: discontinuous two-state controller

If a two-state controller is operated with a proportional band (P,) of 0, it shows discontinuous
behavior. With this setting, the switching differential Xg4 is used and the output level is only 0
or 100 %:

y[%] 4
100
<«Xs4—>
A Y
w X

Fig. 68: Characteristic line of a discontinuous two-state controller

The controller provides an output level of 100 % until the setpoint value is reached with a rising
actual value. If the actual value is above the setpoint value, the output level is 0 %. If the actual
value falls to the setpoint value — reduced by the switching differential Xg4 — the output level
is 100 % once again.

At an output level of 100 %, the controller with pulse length output permanently closes the
binary output, and the controller with pulse frequency output switches the output with the ma-
ximum frequency. At a level of 0 %, the outputs of both controllers remain switched off.

The discontinuous behavior, taking into account the switching differential, is achieved by the
proportional band setting = 0.

Discontinuous two-state controllers such as thermostats and pressure switches are afforda-
ble and fulfill their control tasks in many applications. The components are to be assigned to
controllers with pulse length output, where the output level is exclusively 0 or 100 %. With the
control devices, the fluctuation range of the actual value is higher than the switching differenti-
al for some control processes — this applies to processes of higher order. The issue is outlined
for thermal plants in the following:
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Figure 69 shows the response for a control process of first order. The water bath operated
via a heating coil from Chapter 2.3.3 can be taken as an example here.

When the cooled plant is switched on, the heating is activated immediately. The tempera-
ture increases immediately as there is only 1 energy storage (the heating coil cannot store
any energy). Upon reaching the setpoint value, the power is reduced to 0 % and the actual
value does not surpass the setpoint value. Theoretically, the actual value falls immediately
and reaches the lower switching point after a while (setpoint value-switching differential). The
heating is switched on again and the actual value rises again. With a process of first order, the
actual value moves in the switching differential band. The smaller the switching differential and
the faster the control process, the higher the switching frequency.
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controller on a process of first order
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Figure 70 shows the behavior for a control process of second order. In contrast to a heating
coil, a heating rod with storage capacity is used.

When the cool plant is switched on, the heating is also switched on immediately. As there is a
second energy storage, the actual value increases only after some time (the heating rod first
needs to be heated up). Upon reaching the setpoint value, the power is reduced to 0 %. Due
to the delay time T, the actual value exceeds the setpoint value (at the point of switching off,
the heating rod is warmer than the water — thermal energy is emitted). The actual value falls
after a while and reaches the lower switching point. The heating switches on; the temperature
of the water will continue to fall, until the heating rod temperature has increased noticeably.
The actual value then rises again.
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Fig. 70: Discontinuous two-state
controller on a process of higher order

With processes of higher order, the fluctuations of the actual value are larger than the swit-
ching differential. For a thermostat, for example, the switching differential is 5 K, but the actual
value may fluctuate over a range of 10 K.
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Summary for discontinuous and quasi-continuous
controllers:

Discontinuous control systems are useful when the re-
sulting fluctuations in the actual value are not disturbing.

The discontinuous control systems are formed using af-
fordable components such as thermostats and pressure
switches.

If the two-state controllers are realized using compact
controllers, their operation is generally quasi-conti- =
nuous. The quasi-continuous behavior is achieved by s
setting a proportional band greater than 0. The output
then runs with the set cycle time and the relative switch-
on time corresponds to the output level.

If the control processes are relatively slow and the cyc-
le time is set sufficiently low, the control result of the
quasi-continuous controllers with operated binary actu-
ator corresponds to that of continuous controllers and a
continuous actuator.

Fig. 71: JUMO heatTHERM-AT
surface-mounted thermostat
as a controller

5.2 Three-state controller

Three-state controllers influence the actual value in 2 directions. Typical examples include
heating/cooling, humidification/dehumidification, or increasing/decreasing the pH value. In ge-
neral a three-state controller can be described as a combination of 2 continuous controllers
with switching stage that are located downstream.
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Fig. 72: Design of a three-state controller

72



Controllers with digital outputs

With three-state controllers, we talk of 2 controller structures rather than 2 controllers. For
a thermal process, for instance, structure 1 provides a positive output level in the range
0 to 100 %. The output level is supplied to a switching stage (pulse length or pulse frequency
output) or provided directly with a continuous output.

Accordingly, if cooling is required structure 2 provides an output level of 0 to -100 %. There are
the same options for the output as with structure 1.

The outputs of the 2 structures are referred to as the first and second controller output.

Both structures can be adjusted independently of one another (P, PD, I, PI, or PID). An index
identifies the structure to which the control parameters belong: structure 1 (Pyq, ry4, dyy, etc.)
or structure 2 (P, ryp, di, etc.).

5.2.1 Contact spacing

On three-state controllers, undesired alternate switching of the first and second controller
output may occur (heating and cooling, for instance). It may be the case that heat is generally
required in an application but the actual value fluctuates around the setpoint value. The alter-
nating actuation of the outputs for heating and cooling results in ineffective operation of the
plant. The contact spacing (dp,) can provide a solution here:

y[%] 4
+100
Heating
25 x [°C]
|l .
X Cooling
-100 + R LT

Fig. 73: Three-state controller with contact spacing and P behavior for structure 1 and 2

Figure 73 shows the diagram for a three-state controller. A P behavior exists for both structu-
res. Py is 2 K, and Py, is 4 K. The contact spacing is set to 2 K.

When heating is started (actual value is at 25 °C, for example) the output level is 100 % and
the first controller output provides the maximum possible power. The output level is reduced as
from an actual value of 27 °C until it ultimately reaches 0 % at 29 °C. With processes of higher
order, the actual value may exceed 29 °C and the actual value is located in the contact spa-
cing (dp). Neither of the 2 controller outputs is active in the contact spacing area. The contact
spacing "pushes" the proportional bands of the 2 controller structures away from each other.
Without the contact spacing, the actual value would immediately enter the proportional band
Pp2 upon exceeding the setpoint value, and cooling would be initiated.

JUMO 73



Controllers with digital outputs

In the stationary state a permanent control deviation is produced for the P structure: the actual
value is ultimately located in proportional band Py, 4. After the structure is switched from P to PI,
the additional | component integrates the control deviation and adjusts the actual value to the
setpoint value. The same applies if cooling is required.

Summary:

Appropriately configured contact spacing prevents undesired alternate actuation of the 2 ac-
tuators for heating and cooling, for instance. Larger dimensioning for the parameter will slow
down the control response but has no impact on the control accuracy.

Control direction

In terms of the control direction, the overall output level of the controller needs to be con-
sidered. With a rising actual value, the controller from Figure 73 reduces the output level
from 100 % (controller output 1 is actuated 100 %) to -100 % (controller output 2 is actuated
100 %). The control direction is inverse.

The 2 structures also operate in a discontinuous manner with the setting Py, resp. Py, = 0:
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Fig. 74: Three-state controller with P,; = P, =0, Xg41 = Xg4,=1 and d, = 4
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5.3 Controller for operation motor actuators

Motor actuators consist of a servomotor and an actuator. The actuators are often valves (gas,
water) or flaps (air, etc.). The motor is switched to counterclockwise or clockwise rotation via 2
supply lines and the actuator is thus opened or closed.

The voltage supply is normally provided to the mentioned supply lines via 2 relay NO contacts:

UB
w T
\;
% Motor
] \
Controller
Valve

Fig. 75: Operation a motor actuator via 2 relay NO contacts

Fig. 76: Motor actuator made by ARI-Armaturen

Position controllers and modulating controllers are used to actuate motor actuators.
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5.3.1 Position controller

The full designation for a position controller is "continuous controller with an integrated position
controller":

control
valve
w Open
*| Continuous yclo_> Position
Closed
X controller _ controller |_Closed
Gas y
—> Furnace

Output level feedback

Fig. 77: Continuous controller with an integrated position controller in the control loop

Due to the control parameters, the setpoint and actual value, the continuous controller (Figure
77) supplies an output level in the range from 0 to 100 %. The subordinate position controller
adjusts the position of the actuator in proportion to the output level. For this positioning, the
controller needs the output level feedback. This is performed, for example, by a potentiometer
located in the actuator.

The second analog input of the controller usually recei- End Slider Start
ves the output level feedback. The actual value (the fur-

nace temperature in Figure 77) is given to the controller

via analog input 1.

It is not necessary to tune the subordinate position con-

troller; only the actuator time (TT) needs to be set on

the controller. The actuator moves from fully open to

closed (and vice versa) within this actuator time. Typical

values for TT are 30 or 60 seconds. Fig. 78: Principle of a
potentiometer
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5.3.2 Modulating controller

In comparison with position controllers, modulating controllers have no output level feedback.
The controller cannot move toward defined positions, but only moves the actuator further open
and close.

w Open
> Modulating
X > controller M

Gas — Furnace —|

Fig. 79: A modulating controller with motor actuator
in a closed control loop

As there is no output level feedback, it is not possible to move toward a defined output level,
even in manual mode; the only action is manual opening and closing. Furthermore, only con-
troller structures with an | component are possible (Pl and PID).

Example:

For a modulating controller with PI structure (P, = 25 K, r,= 120 s) and an actuator time (TT)
of 60 s, the actual value = setpoint value = 0 °C. After increasing the setpoint value, the control
deviation is 10 K (Figure 80).

y[%] 4
1 ——— Qutput level on the control valve
100 --- Step response of a continuous controller
with the same settings
80 T
60 T )
Settings:
P,=25K
40 1 b
' r=120S
! Step = 10 K
20 T ! TT=60s
60 120 180  TIs]

Fig. 80: Step response of the system consisting of a modulating controller and
control valve
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Due to the set Py, of 25 K and the suddenly occurring control deviation of 10 K this results in a
P component of 40 % after the step change. The modulating controller actuates the relay for
24 s and therefore increases the output level by 40 %:

40 %

T x Actuatortime =24s (30)

On account of the control deviation of 10 K and the dimensioning of P,=25K and
r.= 120 s, the | component is increased with a speed of 1 % per 3 s.

The mentioned output level increase at the actuator with a runtime of 60 s is performed with
clocked control of the relay.

As long as the control deviation is present, the controller opens the actuator by clocking its
output. With modulating controllers it may be the case that the actuator is already open, but
the controller continues to open the actuator (for example, when the gas supply has been
switched off). This fact requires end switches in the actuators.

w/x [°C] A

(5)

Open _ I L1 tis]
Closed T THTT 1
(1) (2) (3) (4)

Fig. 81: Transient behavior of a modulating controller

Figure 81 shows the setpoint value, actual value, and the 2 controller outputs of the modulating
controller: a new setpoint value is specified (1). The actual value lies outside the proportional
band and the controller uses the first controller output to open the valve for at least the actuator
time — until (2). If the actual value enters the proportional band, the P component will be redu-
ced and the | component will simultaneously increase. From (3) onward, the reduction of the
P component predominates and the actuator is closed. From (4) onward, the increase in the |
component predominates and the total output level increases. From (5) onward, adjustment is
complete; the controller outputs are no longer actuated, and the valve remains in its position.

Manual mode

The modulating controller has no knowledge of the actual position of the actuator, and it can-
not move the actuator to an output level that was defined in manual mode. After activating
manual mode, the actuator is moved manually (jog mode).
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5.3.3 Further information on position controllers and modulating controllers

Contact spacing

The controllers always operates their outputs minimally for the sampling time. For JUMO con-
trollers, this is between 50 and 250 ms. Due to this property, it is not possible to finely adjust
the output level as desired.

If, for example, an actuator with a stroke time of 60 s is actuated over 250 ms, the output
level theoretically changes by 0.4 %. Based on the change to the output level, this results in
a change to the actual value of possibly several Kelvin. The actual value will fluctuate around
the setpoint value and the actuator will be opened and closed. The contact spacing parameter
(dp) defines a band around the setpoint value in which the controller outputs are not actuated.
The control accuracy will be in the range of w = 1/2 d,.

Practical setting for the contact spacing

If the actuator is alternately opened and closed in the area of the setpoint value after having
tuned the controller, a setting of greater than 0 is required for the contact spacing. The pa-
rameter is increased until there is no longer alternating opening and closing. The actuator is
therefore not unnecessarily stressed. It is particularly important to correctly dimension the
contact spacing for actuators which are not designed for permanent operation.

Comparison of position controller with modulating controller

The position controller moves the actuator to the position required by the continuous con-
troller in automatic or manual mode. This leads to a slightly higher control quality as well as
other benefits during servicing.

Due to a control that is independent of the output level feedback, modulating controllers
offer higher operational reliability. Modulating controllers enable the control to be established
more cost-effectively (a potentiometer for the motor actuator and wiring are not required) and
is sufficient for many applications.
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6 Special controller circuits

So far this book has only considered single-loop control circles, where a controller operates
an actuator based on its control parameters and the current actual value and setpoint value.
Alternative controller circuits can achieve the following goals:

« Cost-optimized construction

» Simpler controllability

» Resource-optimized and cost-optimized operation

* No impact from disturbances

» Reduction of impact of disturbances

» Limitation of the energy flow

6.1 Base load

When operating plants with base load, a part of the power is always supplied to the plant. The
controller operates only a part of the total power.

S :

Furnace
Heating 2

Heating 1
L1
(o]

Fig. 82: Base load settings

oz

In the example shown (Figure 82), heating 1 is constantly activated and the controller only
operates heating 2. Thanks to the base load, the dimensioning for the actuator can be redu-
ced. Furthermore, if two-state controllers are used for electrical heating, the alternating mains
power is also lower. In the case of a controller malfunction, the process is continued with the
base load. This results in greater process reliability.
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6.2 Two-stage operation of actuators

L1

R N
b

L1

R1 R2

Furnace

Fig. 83: Two-stage operation of actuators

The example (Figure 83) shows two-stage operation of actuators: heating 1 + 2 are used to
heat up the furnace. If the furnace temperature comes close to the defined setpoint value,
heating 1 is switched off and heating 2 is used to adjust to the setpoint value. For actuator 1,
only discontinuous control is generally required for (switch-off if the control deviation lies below
a defined value). For actuator 2, continuous actuators (for example thyristor power controllers)
or binary actuators (such as thyristor power switches) are used. Motor actuators can also be
used in conjunction with gas-fired plants.

This structure can be used if actuator 2 provides sufficient heat output for the adjustment to the
setpoint and actuator 1 is only required for the heating up. The actuator for the adjustment may
be smaller, and the load changes in the adjusted state are less intensive.
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Thermal plants are occasionally operated in a large temperature range, and very high as well
as low temperatures are specified as the setpoint value. With the small setpoints, only a small
percentage of the available power is required, there is a high power excess. In the case of
binary actuators, these can only provide the full power or no power in the moment. After a
small setpoint value has been specified, even just brief activation of the actuator (with very
high nominal power) may result in an overshoot.

A solution can be provided by the power being output via 2 actuators. With small setpoint
values, only 1 actuator is operated, and from a certain higher setpoint value, 2 actuators are
operated.

With small setpoint values, the maximum power output is lower and an overshoot is less likely.

Output with 2 actuators \ \

Limit
for switching

Specified setpoint value

Output with 1 actuator \

Fig. 84: Operation of 1 or 2 actuators
depending on the current setpoint value

To carry out this functionality, the controller monitors the defined setpoint (in JUMO controllers
this is done using the limit value monitoring function). If the setpoint value lies above a defined
limit, the second actuator is also activated (in JUMO controllers this is done using the logic
function).

In a higher temperature range, thermal control processes have a smaller transfer coefficient
than for smaller actual values. To achieve good control dynamics, the gain for the high tempe-
ratures can often be relatively high (the proportional band is set correspondingly small).

For smaller actual values, the high controller gain can be too large, however, and the control
loop may become unstable. The instability results from too high overall gain. The overall gain
results from the gain of the controller, multiplied by the transfer coefficient of the control pro-
cess.

Due to the reduced power for the small setpoint values (see Figure 84), the transfer coefficient
of the control process becomes smaller, and the closed-loop gain becomes similar to in the
higher working range. The control will tend to remain stable even for small setpoint values.



Special controller circuits

6.3 Split-Range operation

Split-Range operation refers to the distribution of the controller output level (generally
0 to 100 %) among several actuators. This distribution may be required if a large amount of
power is required, for example, which is distributed to several actuators. In the diagram shown,
Split-Range operation enables energy-efficient operation of a cooling system:

l_ From the cooling tower

Coolant

Supply pump with

JUMO DICON touch
i ; frequency converter

Output level
0to 50 %
41020 mA

Cooling machine

Actual value
e with heat exchanger

50 to 100 %
4 to 20 mA

To the process
(forward flow)

Fig. 85: Split-Range operation of a cooling system

The cooling system provides coolant for a process at a required temperature. If the outdoor
temperature is low, the cooling is provided by a cooling tower in a cost-effective manner that
preserves resources. The supply pump increases the quantity of coolant up to a controller
output level of 50 %. If the cooling provided by the cooling tower is no longer sufficient, the
controller automatically increases the output level to greater than 50 %. As from this output
level, coolant after-cooling is performed. The power of the cooling machine is increased as
the output level increases. At an output level of 100 %, the maximum cooling power at the
maximum flow is achieved.

A continuous controller is used in the example shown. Split-Range operation is also possible
with two-state controllers.
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6.4 Keeping disturbances stable

If disturbances vary in a control loop, they will change the control variable, causing a tempora-
ry control deviation. With each change to a disturbance, the controller varies its output level
and adjusts the actual value to the setpoint value again. This issue can lead to an unsatisfac-
tory control result, in particular if changes to disturbances occur frequently.

l Gas pressure (z)

Calorific Ambient
T value temperature Loading

|
Controller | CorthcI)I
output level | variable
p—> Valve Burner Furnace Product Sensor| ——»

Fig. 86: Keeping the 'gas pressure’ disturbance constant in a gas-powered furnace

As described in Chapter 2.1, the gas pressure is one of the disturbances in gas-powered
furnaces (Figure 86). If the system is in an adjusted state, after a gas pressure change there
will be a temperature deviation. The controller will change the output level and thus eliminate
the control deviation. In the example, the gas pressure is kept constant, and the influence on
the control variable is therefore avoided. This result can be achieved using a pressure reducer
(shown in Figure 86 as a controller with a valve).
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6.5 Disturbance feedforward control
Depending on the disturbances, the output level of the controller can be changed in such a
way, that in the best case the influence on the actual value is completely compensated.

In JUMO controllers an additional output level can be given (additive feedforward control) or
the output level can be changed in proportion to the disturbance (multiplicative feedforward
control).

The controller output level is influenced depending on the disturbance. The output level
change of the controller due to the influence of the disturbance reduces the control deviation
that occurs in the event of a changing disturbance. This so-called disturbance feedforward
control is possible if the disturbance can be measured and the effect of disturbance changes
on the actual value can be estimated.

6.5.1 Additive disturbance feedforward control

Additive disturbance feedforward control is used if an additional output level needs to be pro-
vided when the disturbance is changed.

Example of additive disturbance feedforward control:
Climatic chamber

O Lighting

P Pt100
Input 2

w Heating
. y
X L T T 1

Fig. 87: Example of additive disturbance feedforward control

The incubator (Figure 87) contains highly sensitive samples. The controller is used for highly
accurate temperature control. Switching on the lighting results in additional heat input and the
temperature rises. The controller responds to the control deviation by reducing the output level
and adjusts the actual value to the setpoint value. As soon as the light intensity is changed
again, a control deviation occurs again.

The heat entry from the lighting is the disturbance, and a measure of this disturbance is the
electrical power in the lighting.
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For example, the measurement signal for the electrical power is provided to the controller via
the second analog input in the form of additive disturbance feedforward control. At a maximum
power of 50 W, the output level should be reduced by 10 %:

4 to 20 mA (corresponds to 0 to 50 W)
Analog input 2

4 to 20 mA|

0t0-10 %

.
U o
X

Analog input 1

Controller

Fig. 88: Using additive disturbance feedforward control

In the example shown (Figure 88), the actual value is provided to the controller via analog
input 1. The power signal is used as additive disturbance feedforward control via analog input
2, whereby 4 to 20 mA corresponds to 0 to 50 W.

With the scaling of 4 to 20 mA (0 to 50 W) corresponding to 0 to -10 %, the controller output
level is reduced by 10 % at a power of 50 W, for example. Increasing the lighting intensity will
counteract the increase in the actual value.

Additive disturbance feedforward control implements an additional controller output depending
on the disturbance.
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6.5.2 Multiplicative disturbance feedforward control

Multiplicative disturbance feedforward control changes the controller output level in proportion
to the disturbance.

Z(%)

2

v

y y*z(%)
Controller
X y

Fig. 89: Schematic diagram of multiplicative disturbance feedforward control

A\

Process >

The value z (%) is formed from the disturbance (z), see Figure 89. The controller output level
is multiplied by this percentage.

This method is used if the output level in processes needs to be changed in proportion to the
disturbance variable.

o Wastewater containing lye o

me/h pH

Input 2

z
- T
X Controller y Acid

—

Fig. 90: Neutralization plant

A neutralization plant will serve as an example (Figure 90). Acid is added in this plant to neu-
tralize wastewater containing lye. The aim is to achieve a setpoint value for the wastewater
of pH 7.

The disturbance is the flow; doubling the flow rate needs a doubling of the amount of acid.
The flow rate is fed to input 2 and the controller output is multiplicatively influenced. The flow
is represented by a 4 to 20 mA signal, which corresponds to a flow of 0 to "maximum flow".
By scaling the current signal at input 2, a value of 0 to 100 % is formed, for the 4 to 20 mA
signal. The output level determined by the controller is multiplied by the disturbance in %. If,
for example, the flow rate increases to the double value, the controller output level will also be
doubled before it is output. The disturbance feedforward control suppresses dynamic control
deviations after changing the flow.
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With a large flow, the control process has a small transfer coefficient — the change to the do-
sing of the acid only has a small influence on the pH value.

In contrast, with a small flow, the transfer coefficient is larger — the change to the dosing of the
acid has a greater influence on the pH value.

Without disturbance feedforward control, it is therefore quite possible that the plant will show a
good control behavior for a high flow, but at a low flow rate it may show a tendency to oscillate
due to the high transfer coefficient.

Due to the disturbance feedforward control, the controller gain is reduced for a lower flow,
and the control variable tends to remain stable even in this area. This is a positive side effect.
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6.6 Cascade control

The control loops presented in this book were so far single-loop:

The setpoint value is specified to the controller and it measures the actual value. Based on
the control parameters, the controller output level is calculated and used to directly operate
the actuator.

With cascade control at least 2 control loops are nested or cascaded (Figure 92). The struc-
ture divides the controlled system into at least 2 parts. The plant setpoint value is specified at
the so-called master controller, which controls the actual value to this value:

In proportion to the output level of the master controller the slave controller controls an auxi-
liary actual value. The standardization of the output level determines how large the auxiliary
actual value should be at an output level of 0 % resp. 100 % of the master controller. This
structure can generally be used if an auxiliary actual value (x,,y) can be measured in a control
process and should be controlled in proportion to the master controller output level.
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6.6.1 Reasons for using cascade control
The reasons for the introduction of cascade control vary and are shown as examples in this
chapter.

Distribution of timing elements to several control loops

N el HE P

v

Output level
_ Xax standardization
Otow,
c2 W, y
yAux <« < C1

o

0t 100 %
Slave controller i w

Master controller

Fig. 93: Distribution of timing elements among several control loops

Due to the distribution of the timing elements, the entire delay time will no longer elapse before
the controller can respond to a disturbance at the process input. After changing the distur-
bance variable in the inner control loop, the slave controller already reacts after the delay time
of this partial control loop has elapsed. Disturbances can be compensated for more quickly.

The respective Tg/Tu ratio of the 2 individual process sections is greater than that of the entire
control process. The sections and thus also the entire process are better controllable due to
the cascade structure. The control quality becomes higher and sometimes control loops be-
come controllable only by introducing cascade control.
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Limiting the power in the control process resp. the auxiliary actual value

Pt100 (furnace temperature)
(I
Furnace

Pt100 (heating rod) s < 1
1 / Aux :
| T X
i Slave o 0to 100 % | y <

yAux| Aux 1 Mast
| . | w
010200 °C | +——
1
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Fig. 94: Cascade control on a furnace

In the example shown (Figure 94), the heating rod temperature is limited to 200 °C. The set-
point and actual values for the furnace are available at the master controller. The master
controller determines an output level in the range from 0 to 100 %. Due to the standardization
of the output level, this is converted into 0 to 200 °C. The slave controller adjusts a heating rod
temperature of 0 to 200 °C in proportion to the output level of 0 to 100 %.
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Compensating of disturbances

«—
</Iaster
«—

Fig. 95: Cascade control on a steam-powered flow heater

In the flow heater (Figure 95), a liquid temperature is adjusted to a defined inlet temperature
(w) using steam. The temperature is controlled by the master controller. The slave controller
controls the flow of steam for the flow heater in proportion to the output level of the master
controller. The "master controller output level" is assigned to the "flow of steam" through the
standardization of the output level. If the steam pressure fluctuates in the supply, the slave
controller continues to keep the flow of steam constant. Changing the disturbance “steam
pressure” therefore has no impact on the supply temperature of the liquid.

6.6.2 Controller structures and tuning of master and slave controller

When activating the | component for master and slave controller, the overall system tends to
oscillate. Against this background, the master controller uses the PID structure, and the slave
controller uses the PD structure. For the slave controller, a control deviation will always arise,
but the master controller ensures the controlling of the actual value to the setpoint.

The tuning of the overall system takes place from the inside to the outside: the master con-
troller is switched to manual mode and a typical output level is specified. Due to the stan-
dardization of the master controller output level, this results in a typical setpoint value at the
slave controller and autotuning can be started for the slave controller. After tuning the slave
controller for PD structure, the master controller is also switched to automatic mode and tuned.
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6.7 Ratio control

Ratio controllers are used for burner control (control of the gas/air mixture ratio) in analytical
measurement technology (mixture of reactants) and process engineering (manufacture of mix-
tures).

Gas
y l
Ratio controller
w,(gas/air) Furnace
Air I <
> r
I ——y———— I
I 1
1 -1
I 4___________y_',{ :
1 N
N I w

Master controller

Fig. 96: Ratio control for providing an air/gas mixture

In the example shown, the air flow is measured and multiplied by a factor. The result is the
required volume of gas, which represents the setpoint value for the ratio controller. For its
part, the ratio controller adjusts the amount of gas to the required setpoint value. This internal
system represents the ratio control.

The master controller, for its part, adjusts the value to the required furnace temperature. It
operates the air flow. The volume of gas is adjusted to the set ratio by the ratio control.

The overall system shown is tuned from the inside to the outside. The master controller is
switched to manual mode and the ratio controller is tuned. Afterwards, the master controller is
also switched to automatic mode and tuned.
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7 The controller function and additional
functions in JUMO controllers

JUMO controllers not only perform control tasks, they can also carry out a multitude of additi-
onal functions and thus offer the user many benefits. This chapter provides an overview of the
controller function and a description of selected options.

7.1 Controller function setup

The control devices provide different configuration menus in the configuration program, or
alternatively via the device front. The menus analog inputs, controller and outputs are used to
set up the controller function.

The input is adapted to the sensor being used in the analog inputs menu (RTD temperature
probe, thermocouple, 4 to 20 mA, etc.).

The controller type (two-state controller, continuous controller, etc.) and control direction are
specified in the controller configuration menu (Figure 98). The source for the actual value can
be defined in the controller inputs submenu of the same menu (Figure 97):

Controller X

=53 contraler 1
i ® Controller inputs

= [~ Controller self-optimization
2 Controller cruit moritoring
% Cutputlevel monitaring

-4 Controller setpoint values

_~~ Ramp function
3 contraller 2

Controller actual value:

Controler setpaint value:

Output level feedback:

Manual output level:

additive variable disturbance:

Analog selection\Analog inputs
INS Analog input 1

Analog selection\Setpoint values
Setp. value inp. Control. 1

Mo selection

Mo selection

Mo selection

Fig. 97: Sources for controller actual value and external setpoint value

The setpoint value is generally specified on the front of the device or using an interface. Alter-
natively an analog signal can be used (analog input 2, for example) (Figure 97).

In the configuration program under outputs the first and, if necessary, the second output is
assigned to an analog or digital output.

Additional settings can be configured in the controller configuration menu:

Controller X

2~ Controller 1
L ) Controller inputs

Conrol drecton: [Inverse |
Venualmode: [Free |
CrmTrlTiTE s

Accept rangs outputlevel: | Range output level ~

V™= Controller self-optimization

i Contraller cirauit monitoring
- A Output level monitoring
i@ Contoller setpoint values
i~ Ramp function

Manuzl autput level: | 0 o

Fig. 98: Settings in the controller configuration menu
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With the setting ,manual mode - free”, the activation of the manual mode is possible.

With the setting “accept manual output level = actual value”, at the moment of changing to
manual mode, the controller takes over the output level from automatic mode.

In general the “accept manual output level” parameter can also be used to define any output
level that the controller should take over when it is switched to manual mode.

Manual mode cannot be activated if the setting “manual mode = locked” is selected.

The “accept range output level” setting is used to define an output level in the event that
there is an invalid actual-value signal (RTD temperature probe cable break, signal <4 mA at
4 t0 20 mA).

7.2 Ramp function

JUMO controllers operate as fixed-setpoint controllers per default. The controller adjusts the
value to the respective setpoint value until the user changes the setpoint value. The setpoint
value is changed in step form. Various processes require a ramped setpoint increase, howe-
ver. In JUMO controllers the ramp function can be activated and a slope can be defined. After
a new setpoint input (Figure 99), the current setpoint then changes with the defined slope up
to the entered setpoint.

New setpoint specification

Fig. 99: Ramp-type setpoint
t specification
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7.3 Program generator function

Program generators enable the specification of setpoint profiles. These profiles are given to
the controller; the controller, for its part, controls the actual value to the currently specified
value. A so-called program controller results from the program generator and controller.

Profiles are defined in sections. In the example shown, sections 1 and 2 each last an hour.
Section 1 starts with 25 °C, section 2 with 50 °C (Figure 100).

w[°C] 4
Setpoint value
200 + —
150 + —
100 1 — -
5 T L I
=i o o <1 o, ©! ~! )
g g & & & & & =&
5 & § & § & & &
1 2 4 5 7 8 !

Auxiliary heating
(operating contact 1)

|

Humidification
(operating contact 5)

Ventilation T b ' ; b ;
(operating contact 2) E : -' 0 0 0 >
Addition of CO, T ! 0 . . . 0 i
(operating contact 3) 0 ! | | : h b <
Exhaust-air ventilation T E E E E E E E E
(operating contact 4) . . . N I 00000

v

Fig. 100: Program of a program controller

In many cases, contacts are operated in the sections, for example, auxiliary heating or venti-
lation. So-called operating contacts are used for definition. These are assigned to the respec-
tive hardware (usually relays). The states of the operating contacts together with the setpoint
value profile constitute a program. For an annealing furnace, various different programs are
defined, for example. After giving the product to the furnace, the relevant program is selected
and started.
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7.4 Limit value monitoring

The functionality allows 2 process variables to be compared and the limit value monitoring of
1 variable.

AF1 AF5
] AL | | I AL |
T : N
"in i AY i ni"
| . | |
8 4 N L
X w w
AF2 , AF6
] AL | : bOAL
A | —
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AF3 AF7
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] i |
"in i "iu
: | |
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=
AF4 AF8
| AL | Al [
T |
ui" i A'Y
1 i :
: 1 3
-

Fig. 101: Alarm functions for the limit value monitoring

The functionality can be used multiple times in a controller. For a limit value monitoring, 1 of
8 alarm functions can be selected. 4 different alarm functions exist (AF1, AF3, AF5, AF7), fur-
thermore the respective following alarm function represents the inverted function (AF2, AF4,
AF6, AF8).

Alarm functions 1 to 6 monitor 2 variables in relation to each other. The 2 variables are the
setpoint value (w) and the actual value (x) of the limit value monitoring. The sources for both
signals can be freely selected (for example, setpoint value and actual value of the controller,
or analog input 1 and analog input 2).
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Alarm function 1 (AF1) defines a window around the setpoint value of the limit value monitoring
(w), for example. The window is defined by the limit value (AL) and the switching differential.
The setpoint value (w) controls the window in terms of its position. The actual value for the
limit value monitoring can be found in the same diagram and moves toward the x-axis. If the
actual value enters the window around the setpoint value, the limit value monitoring output will
be activated.

As an example, the following settings are made for monitoring that the control deviation is
<10:

Limit value menitoring X

Limit value monitoring 1

L .
=] Limit value monitoring 1
e Function: W

i !
o Eg -
- :
v Limit value monitoring 2 H

;3; Limit value monitoring 3

<

- Actual value: | Analog selection\Contraller
-y Limit value monitoring 4 Actual value Control. 1
- ;\.",«; Limit value manitoring 5 Setpoint value:

Setpoint value Contral. 1

;\:‘, Limit value monitoring &

Limit value AL: | 10.0
= r\":‘ Limit value monitoring 7 |

Analog selection\Cantroller - |

;;',«:, Limit value monitoring & Hysteresis: | 1.0

Fig. 102: Settings for monitoring the control deviation < 10
(configuration program)

In the simplest case, the result of the limit value monitoring is output via a binary output.
AF2 to AF8 perform the following basic functions:
AF2 is the inverse function of AF1 (Figure 101).

AF3 provides half the window of AF1 — if the rising actual value comes close to the setpoint
value, the limit value monitoring will switch on. The function remains activated with a rising
actual value.

AF4 is the inverse function of AF3.

AF5 provides the right half of the window of AF1 — if the actual value exceeds the setpoint by
at least the value AL, the limit value monitoring will switch off. The function is activated with a
smaller actual value.

AFG6 is the inverse function of AF5.
AF7 provides monitoring of the actual value for a maximum value AL.
AF8 is the inverse function of AF7.
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7.5 Binary functions

JUMO controllers include a range of binary signals, such as the status of binary inputs and the
result of the limit value monitoring. Functions can be activated by changing the status of the
respective binary signal. With the aid of the example configuration mask functions can be set
up for binary input 1:

Binary input 1 (bin1) X

Additional functions: oK I
[]5tart self-optimization S

[1Cancel self-optimization Cancel |
[1Changeover automatic/manual mode

1S witch off contraller

[ 1Inkibit manual mode

[1Ramp stop

[1Cancel ramp function

[]5etpoint changeowver

[1Parameter set changeover

[ 1Ky inhibit

[Lewel inkibit

[1Display off

[JInkibit program start

[]Program start

L=

Fig. 103: Binary functions for binary input 1 (configuration program)

In the example shown, selecting start self-optimization (edge-triggered) allows autotuning
to be started via binary input 1. With cancel self-optimization (edge-triggered) this can be
terminated before the end.

The controller is usually in automatic mode and controls to the defined setpoint. Selecting
changeover automatic/manual mode switches to manual mode with an active binary sig-
nal. For manual operation, an output level can be defined, which is adopted directly after the
changeover.

Selecting switch off controller deactivates the controller output signal if there is an active
binary signal.
Inhibit manual mode prevents a switchover to manual mode.

If the ramp function is active and the defined setpoint value has not yet been reached, the
ramp setpoint value can be held with ramp stop. Selecting cancel ramp function allows a
step-type setpoint specification, even if the ramp function is active.

JUMO controllers are set to operate as fixed-setpoint controllers per default. The controllers
adjust the value to so-called setpoint value 1. Setpoint value 2 can be defined if required,
and selecting setpoint changeover allows to change between setpoint value 1 and 2. Most
JUMO controllers also have setpoint 3 and 4. To toggle between the 4 defined setpoint values,
setpoint changeover needs to be selected for 2 binary inputs, for example (B1 and B2). The
toggling is binary-coded.
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The control parameters adapted to the process (P, r, and d etc.) are stored in a control pa-
rameter set. JUMO controllers have several parameter sets. Only the first is used per default.
In some cases, the conditions in the process change to such an extent that the parameters in
parameter set 1 no longer achieve a satisfactory control result. In this case, the control para-
meters must be modified. Parameter set 2 contains the same selection of control parameters
as parameter set 1, and the required parameters for the other working point can be entered
here. Selecting parameter set changeover allows to toggle between parameter set 1 and 2.

Selecting key inhibit blocks the keypad while a binary signal is activated.
Selecting level inhibit locks the levels for configuration and parameterization.
Selecting display off switches the display dark with otherwise full function of the controller.

Selecting inhibit program start prevents the program from starting when the program gene-
rator function is configured.

Program start and program cancel (both edge-triggered) allow to start and cancel a pro-
gram.

Program stop pauses the program while the respective signal is active.

7.6 Start-up and diagnosis function

In many cases, controller tuning requires the recording of important process variables such as
actual value, setpoint and output level.

The configuration program for JUMO controllers therefore includes the JUMO Startup soft-
ware component. This can record freely selectable analog and binary signals. A connection to
the JUMO controller is necessary during the recording.
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Fig. 104: Data from a JUMO controller recorded online with JUMO Startup
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The result of the recording can be printed out and saved (also in tabular form).

The diagnosis function shows the status of inputs and outputs and provides important infor-
mation on the controller status. The function supports troubleshooting and maintenance work:
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Fig. 105: Diagnosis for a JUMO DICON touch

7.7 Recording

Selected JUMO controllers include the option to record
process variables in the device. The data is recorded in
analog and binary channels and the signals to be recor-
ded can be freely defined.

The data is stored in a ring buffer on the basis of a confi-
gurable memory cycle and can be viewed on the device
in the history function.

The data can be transferred from the PC communication
software JUMO PCC to an archive file in a time-cont-
rolled manner. This process enables continuous data
recording. The data is analyzed using the PC evaluation
software JUMO PCA3000.
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7.8 Math and logic function

The math and logic function enables mathematical calculations and Boolean operations. For-
mulas can be entered in the formula editor.

Mathematics/Logic X
Available varizbles: Available operators:
Analog selection + Addition ~
Anal ut - Subtraction
- A 8 e o 1 * Muliplication
H alog inpx ! Dwvsion
-~ INg Analog input 2 14 Opening damp
£~ IN10 Andlog nput 3 ) Closing damp
*IN11 Anlog input 4 5 Root
Extemal analog inputs ) Mo oot
Mathematics SIN(J Sinus
Cortroller COS()  Cosinus
Setpoint values TAN()  Tangent
== xexpy
Program setpoint values Br() mential function
Section end vaiues ABS()  Absolute value
Flag INT()  Integer part
Service FRC() Decimal part
Sampling periode LOG() __Logarithm hd
Digtal selector yntax: MIN(a , b, ... )
[ ad ] [md ]
Formula (Text):

[MIN( INg Analog input 1, INS Analog input 2, IN10 Analog input 3, IN11 Analog input 4)

e =

Fig. 107: Formula editor in the JUMO DICON touch

In the editor, the usable variables are located on the left and the admissible operators, inclu-
ding information on the syntax to be used, are located on the right.

On the basis of these 2 windows, a formula has been defined for calculating the minimum
value of analog inputs 1 to 4. The 4 process variables could be 4 furnace temperatures, and
the math function outputs the smallest of the 4 values. In the furnace, it should be ensured that
the temperature at all measuring points corresponds at least to the setpoint. The result of the
math function is defined in a further step in the controller as the source for the actual value.
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8 List of abbreviations used

Controller parameters

PID behavior
P,1  Proportional band of the P component; Py,
Iiq Reset time of the | component; r,
[o Derivative time of the D component; d;
Py,  Proportional band for controller structure 2 (three-state controller)
Io Reset time for controller structure 2 (three-state controller)
dip Derivative time for controller structure 2 (three-state controller)

General parameters

Yq

Ya

Yo

Upper output value limit of the controller output signal
(not used with modulating controllers)

Lower output value limit of the controller output signal
(not used with modulating controllers)

Working point correction of the P component

Parameters for two-state, three-state, modulating, and position controllers

Cy1

Cy2

JUMO

Cycle time

(effective for two-state and three-state controllers, Py, > 0)
Cycle time for controller structure 2

(effective for three-state controllers, P, > 0)

Minimum ON period

(effective for two-state and three-state controllers, Py, > 0)
Minimum ON period for controller structure 2

(effective for three-state controllers, Py, > 0)

Switching differential

(effective for two-state and three-state controllers, Py, = 0)

Switching differential for controller structure 2

(effective for three-state controllers, Py, = 0)

Contact spacing (or deadband)

The contact spacing lies symmetrically around the setpoint value. In the case of
three-state controllers, the 2 proportional bands are located separate from each
other around this; in the case of modulating and position controllers, the motor
actuator is not operated in the area of the contact spacing.
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TT Runtime of the motor actuator; setting for modulating and position controllers
Other symbols

e Control deviation (setpoint value - actual value)

Kis Transfer coefficient of a control process without compensation

Kp Proportional coefficient of the controller

Kg Transfer coefficient or gain of the control process with compensation

T4, T, First and second time constant of a process of second order

Teet Settling time; in a control loop, once this time has elapsed the actual value is
permanently within a defined band around the setpoint value

T, Rise time; in a control loop, once this time has elapsed the actual value
reaches the setpoint value for the first time

Tq Compensation time of a control process

T Integral time of an | controller

T, Duration of oscillation for the actual value at Py
(tuning method according to Ziegler/Nichols)

Ts Time constant of a process of the first order

Ty Dead time of a control process

Ty Delay time of a control process

max  Maximum rate of rise

(tuning method according to the rate of rise)

w Setpoint value

X Actual value, control variable

Xmax  Overshoot

Ppe Critical Py, at which the control variable permanently oscillates
(tuning method according to Ziegler/Nichols)

y Output level, actuating variable

YH Adjustment range of a controller, usually 100 %

Yo Output level of a controller

z Disturbance
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Informative material from JUMO

Electronic Pressure
Measurement

Control Engineering

Explosion protection in Europe

At www.jumo.net you can download the technical literature or you can order it in

printed form.
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