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Abstract—The integration of closed loop control algorithms
into industrial control systems represents an important topic in
the automation domain. Timing constraints have to be taken into
account, often leading to a compromise between real-time capabilities of the control and accuracy of the calculated values. Due
to its event-based execution model, IEC 61499 bears advantages
concerning the closed loop control application implementation.
This provides ﬂexibility and allows the implementation of various
and more sophisticated feedback algorithms. The work described
in this paper is concerned with these different implementation
aspects. A detailed analysis is presented concerning their timing
characteristics and solutions are proposed for the actual realization of these design variants by applying IEC 61499 function
blocks.
Index Terms—Automatic control systems development, Industrial automation systems, IEC 61499.

I. I NTRODUCTION
Embedded devices play an important role in the ﬁeld of
industrial automation systems. There is the need for using ﬂexible and powerful Programmable Logic Controllers (PLCs) to
cope with the increasing complexity of nowadays requirements
from the automation industry [1].
Control algorithms for process industrial machinery like district heating plants or production systems for food are mainly
implemented on embedded devices like PLCs. Computational
and numerical extensive calculations for control algorithms are
needed to optimize the industrial performance of many types
of processes such as power plants, paper mills, and dryers.
To improve industrial process and resource efﬁciency it is
important to control the plant by the use of feed forward
and feedback control systems. Closed loop control allows for
the stabilization of unstable processes, which are common
in the process industry. Furthermore it can be designed for
robustness, in order to handle disturbances and uncertainties
of the process parameters, which may vary during operation
or be even unknown [2]. Most used controller algorithms in
industry are Proportional-Integral-Derivative (PID) controller
algorithms. “PID control is by far the dominating control
structure in industrial practice.” stated by [3]. PID controller
are most used to control Single-Input-Single-Output (SISO)
plant systems, because the parametrization of PID controllers
is easy to handle.
Current industrial automation systems handle closed loop

control execution implicitly in cyclic execution model with
a ﬁxed time delay [4]. However, the ﬁxed time delay is not
suitable for all kind of control systems and therefore different
implementation approaches have been investigated [5]. In this
paper we focus on topology design guidelines for closed loop
control strategies for new industrial control environments that
give developers more control of the execution sequences (e.g.,
IEC 61499 [6]). The modeling for discrete real-time controllers
is developed by applying the IEC 61499 standard in order to
receive a platform-independent solution.
Section II of this paper present the state of the art of closed
loop control implementations and event execution aspects
for IEC 61499. Section III describes the derived research
questions. Section IV shows the concept of processing industrial closed loop control applications, which is implemented,
and results are presented in Section V. Finally, Section VI
concludes the paper.
II. R ELATED W ORK ON I NDUSTRIAL C LOSED L OOP
C ONTROL A PPLICATIONS
IEC 61499 [6] has been developed as an extension to
IEC 61131-3 especially as a methodology for modeling distributed industrial process, measurement, and control systems to obtain a vendor independent system architecture.
As IEC 61131-3 the standard IEC 61499 deﬁnes concepts
and models to encapsulate the control software in Function
Blocks (FB), which can be assembled and newly distributed
to several devices. The major difference between IEC 611313 and IEC 61499 is the execution model. IEC 61131-3 has
an implicit sequential execution model with a cyclic activation of execution tasks. This has drawbacks for distributed
applications where the cyclic execution model makes it hard
to synchronize distributed applications and gives little control
over the execution order of the function blocks in a control
application.
In order to overcome this limitations events where introduced to IEC 61499. Such events control the activation of the
application parts in a control application. Furthermore events
are intended to actively control the execution sequence of the
control application components (i.e., FBs) [7]. Although this
intention is stated, up to now no investigation has been undertaken on developing rules and guidelines for the sequencing
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Fig. 1. Overview of the closed-loop control system, consist of the plant which
needs to be controlled and the controller (e.g., PID controller). Sampling rates
are T1 and T2 .

of application parts in general and also not for closed loop
control applications. Particularly, this work targets the latter
domain. The structure of such closed loop control system is
presented in Fig. 1.
A special FB library for closed loop control algorithms
applied on the IEC 61499 standard is presented in [8]–
[10]. They use for the processing of the events an cyclic
execution process for the closed loop control application.
Lastra et al. [11] demonstrates how an event-based system
like IEC 61499 can be adopted for a scan-based embedded
controller.
A transformation process from a developed closed loop
control system application in MATLAB/Simulink into the
IEC 61499 applications is presented by Yang and Vyatkin [12].
For this transformation all used behavior models have to be
available in both Simulink and as FBs. Only the mapping is
done by the transformation process.
The results of such available concepts from above are a basis
for using closed loop control systems in industrial dynamic
systems, but there is the need for specifying the processing
order of the control application in detail to enable real-time
control on PLCs. Therefore an appropriate execution handling
concept for IEC 61499 applications has to be developed to
apply these results in industrial control applications.
III. R ESEARCH Q UESTIONS
RQ 1: How can a framework for implementing closed loop
control systems be developed considering real-time processing
on PLCs? Closed loop control algorithms are an important
controller type for industrial automation applications. However, current implementations are done in an ad-hoc way
without any methodological approach for a target application
optimized real-time execution behavior.
RQ 2: How can closed loop control systems be realized
by industrial event-based execution methods? Closed loop
control implementations demand strong constraints regarding
timing, execution sequences, and interaction with other system
parts. The event triggered mechanism introduced in IEC 61499
provides a valuable means for supporting and specifying such
constraints in a natural way. In order to make use of these
mechanisms an analysis on the implementation requirements
of closed loop control and resulting structural design patterns
need to be done.
IV. E VENT C ONCEPT FOR I MPLEMENTING C LOSED L OOP
C ONTROL S YSTEMS
A. Requirements for Industrial Closed Loop Controllers
The general requirements of process control solutions on
embedded platforms (e.g., PLCs) or customized controller

boards (e.g., FPGA) are lean run-time environments and availability of pre-engineered controller Function Block libraries
with advanced functionality. The common basic PID controller
blocks do not allow design of more than one control strategy
level (i.e., one manipulated variable). Having only static setpoints and constraints is not sufﬁcient to realize controller networks in performance optimized automatic operation software.
To achieve the desired quality of process control, the following functionality is needed. Model based calculation of PID
parameters from plant characteristics (delay, dominant time
constant, gain, and required closed loop dynamics). Further,
inputs and modes for multiple external reference inputs to
realize more complex process control strategies are useful.
Internal model control and feed forward disturbance rejection
to achieve high control performance even with large time
delay would be practical. Tuning support for different types
of controllers and plant types like internal model controller
design and availability of specialized control algorithms for
time delay systems (e.g., model based predictive controllers, or
Kalman ﬁlters for noisy processes) would increase the desired
quality of control applications.
Additional support of dynamically changing manipulated
variable (MV) constraints with anti-windup as well as splitrange or multi-controller networks are useful to give control
engineers powerful tools to create various control strategies.
Required controller set-point operation modes are:
• Manual (MAN) - The MV is set to a constant value, either
by the operator or by another software part
• Auto (AUTO) - The controller uses the internal set-point
to control the process variable (PV) towards this set-point
• External 1 (EXT1) - The controller uses the ﬁrst external
set-point
• External 2 (EXT2) - The controller uses the second
external set-point
• Track (TRACK) - The controller output (MV) follows an
external signal
General features, are needed to design sophisticated controller strategies on embedded systems to realize advanced
process control for industrial processes:
• On/Off switch of the derivative-part on set-point, the
actual value is always used for calculating the derivativepart
• Conﬁgurable rate limiters for all inputs
• Split-Range controller parameter switch: if controller
output sequentially inﬂuences more than one actuator the
parameter setting of the controller can changed (Switchable Controller Parameter, Gain Scheduling)
• Anti-Windup functionality for the controller when the
manipulated variable (output) is in saturation, therefore
the integrator-part of the controller will also be saturated
• Override control needs status inputs of the controller
block: the controller needs the information when it is
active and when another override controller takes the lead
The proposed requirements should consider to develop an

applicable advanced industrial controller application. The main
property of cooperative advanced process controllers is the
mutual interaction of each other which has to be handled.
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As explained the output of u(k) is not possible at the time
point t = kT because of the AD/DA conversion and the
computation time needed for Equation (5). Depending on the
order of the control algorithm and processing power of the
used control device the execution of Equation (5) requires
the time Tu . Therefore the earliest possible output u(k) is
available at t = kT + Tu . In addition to the delay time Tu
the other execution taking place in the device (e.g., operating
system functions) may additional introduce delay. This delay
is typically varying between the different cycles and results in
output jitter, see Fig. 2.b [5].
However the not-synchronized output generation (i.e., not
in line with the sampling) and the jitter do not allow an exact
evaluation of the closed loop control in the z-domain, which
is the basis for the stability analysis. In order to overcome
these limitations and reduce or avoid the output jitter is to
introduce an extended but deﬁned output delay of exactly
one sample step [5]. This means that at the time instant kT
the measure procedure e(kT ) and the output u(kT − 1) will
take place, see Fig. 2.c [5]. This one sample unit delay is
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Fig. 2. Time Diagram: a) ideal case with measuring and output point at
the same time; b) measuring and output as soon as possible, c) measuring
and output at the next sample step, delay time Tu equals sample time; d)
optimized case, measuring and incremental calculation with fast output

in many cases less critical than the disturbances introduces
by the indeﬁnite output generation of the as-fast-as-possible
approach before. Furthermore the one sample unit delay can
be considered during in the closed loop controller design.
In certain applications it would be beneﬁcial if we could
get as near as possible to the ideal case presented in Fig. 2.a
by reducing the execution time Tu . This can at the one hand
be achieved with faster control devices or by splitting the
execution time allowing to perform part of the calculations
at uncritical time instants [5]. At ﬁrst we can extract from
Equation (3) and (4)
v ∗u (k)
p∗

(3)
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In order to determine the appropriate execution sequence for
the closed loop control application the ﬁrst step is to investigate the requirements of closed control theory for discrete
control applications. In theory the ideal case is that at time
point kT. The measure process, value calculation, and write
the output values to the plant are done at the same time.
Fig. 2.a shows this ideal case. However this ideal case is not
realizable, because of the time required for the analog-digital
and digital-analog conversion and the execution time needed
for the computation of the controller.
For a ﬁrst investigation of the execution time for the control
algorithm we can take a general linear digital controller with
the order of ’nr’ based on Åström and Wittenmark [5]:
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The use of Equations (3) to (5) delivers
u(k) = p∗ · v ∗u (k) + e(k)a0 .

(8)

The expression p∗ · v ∗u (k) can be calculated at the time range
(k − 1)T ≤ t ≤ kT . Thus the calculation of u(k) according to
Equation (8) can be performed with this pre-calculated term
and a simple term. This needs substantially less calculating
time than the calculation corresponding to Equation (5). The
resulting execution sequence is shown in Fig. 2.d.
C. IEC 61499 Structural Design for Closed Loop Control
With the investigation on the execution requirements of
the closed loop control system we can now derive resulting
general event ﬂow design patterns for implementing discrete
closed loop control systems in IEC 61499. Fig. 3 shows
different event handling conﬁgurations of the closed loop
control system. This system consists of an E_CYCLE FB, the
Controller FB, and the Plant FB. The E_CYCLE FB is
responsible to generate a cyclic event with a time period DT
deﬁning the sampling rate for the discrete closed loop control.
The Plant FB is in charge for encapsulating and handling
the interaction with the controlled plant. That means it has
to perform the measurement and data pre-processing of the
sensor values and the setting of the controller outputs to the
actuators.
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for triggering the pre-calculations of the controller. This design
pattern is not a pure event design pattern as it requires also
a special designed controller implementation that offers the
possibility that the two calculation steps can be triggered
separately.
D. Interface Design of the Plant

Fig. 3. Event handling of the closed loop control design; a) output directly
after calculation, b) output with delay of one sample step, c) optimized output
with incremental pre-calculation in each cycle for fast output

The ﬁrst event design pattern presented in Fig. 3.a is the
write-as-fast-as-possible approach. This approach is based on
Fig. 2.b. The E_CYCLE FB triggers in each cycle the plant at
the REQ_R to read the discrete parameter sensor values of the
plant. This is acknowledged with the event CNF_R, which will
trigger the execution of the Controller. After the Controller has
ﬁnished its calculations it triggers the REQ_W event, informing
the plant that new controller values are available for the
actuators.
The second design pattern, presented in Fig. 3.b, has a one
sample time delay, as shown in Fig. 2.c. It can be achieved by
eliminating the triggering of the plant after the controller has
ﬁnished. In this case when the Plant FB is triggered by the
E_CYCLE FB it will not only read the sensor values but also
set the currently available controller values for the actuators.
By triggering the Controller FB after the Plant FB
the controller will calculate new controller outputs with the
most recent inputs and because of the missing event link
to the plant they will be used at the next time the plant is
triggered. Furthermore with the single event for triggering
the input reading and output writing of the plant the jitter
is greatly reduced and therefore this implementation is very
near the ideal theoretical one used for designing the closed
loop controller.
The ﬁnal event design pattern represents the optimized case
shown in Fig. 2.d, where spare time in the cycle is used
for doing preparation calculations for the next cycle. Similar
to the as-fast-as-possible design pattern of Fig. 3.a ﬁrst the
sensor reading is triggered followed by the control algorithm
and an immediate output writing (i.e., the event sequence
REQ_R, CNF_R, Calc and REQ_W, see Fig. 3.c). However,
then the conﬁrmation of the writing process is used (CNF_W),

For interacting with the controlled plant we introduced in
the previous section a generic Plant FB. This FB encapsulates all actions required for delivering sensor data and
handling actuator data. With it we achieve a separation of
application parts into hardware independent and hardware
dependent parts [13]. As already stated the correct and optimal
event handling of the plant enables an accurate calculation of
the closed loop control system. For this we propose a general
design pattern for the plant interface that allows the application
in any of the controller event design patterns shown in Fig. 3.
Fig. 4 shows the event and data conﬁguration of the
FB_Plant interface design as well as the internal structure.
The plant can be split into a low level control (LLC) layer
and a physical layer. The LLC layer consists of the controller,
measurement systems, and output units to control the physical
layer, which contains industrial sensors and actuators. The
interface from the LLC layer to the physical layer is realized
with the write and read FBs which are contained in
the FB_Plant. These FBs contains the communication and
interaction means with the I/O interface of the hardware.
According to IEC 61499 this is achieved with so called Service
Interface FBs (SIFBs).
The FB_Plant interface has two separate event inputs with
corresponding event outputs. One set (REQ_R CNF_R) for
performing the sensor read operation and the second set for
performing the actuator write operation (REQ_W CNF_W). The
WITH qualiﬁer, which is speciﬁed in the IEC 61499, is used
to specify an association between data input or data output
variables and an associated input event or output event. This
feature can be used for the speciﬁcation of the sampling of
data at the FB’s interface (i.e., into the FB or out of the FB).
If the event REQ_R is triggered, an output event CNF_R occurs
and therefore the data output (i.e., measured sensor value) is
available for further processing. Analogue, if the event REQ_W
is triggered, the input data of the FB_Plant (i.e., controller
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B. Implementation of the Industrial PIDT1 Controller
Fig. 5. Overview of the used Plant structure represents an incinerator for
energy production

output) will be written and sent by the write FB to the real
plant and conﬁrmed by the output event CNF_W.
V. E XAMPLE I MPLEMENTATION
A. Integration of the Plant
For the example implementation we use the model of
incinerator as it is used in the energy production domain. The
plant represents a weakly coupled ﬁrst order process with input
time delays, actuators with dead zone (DZ) behavior, and PT1
elements (Fig. 5). The plant consists of two inputs, IN1 is the
fuel supply and IN2 is the combustion air supply. These two
parameters are used to control the temperature of the boiler.
Both time delay blocks, represents the time duration of
the fuel (Tt1 ) / air (Tt2 ) supply through the pipe into the
burner. Further, both inputs are characterized by a DZ element
representing a valve position controller DZ for the fuel and
air supply ﬂow through the valve. This is used to prevent the
fuel supply valve from permanent movements to minimize the
wear. Typical DZ parameters are approximately 1-2 percent of
the valve position.
The two PT1 elements, before the output, represents the
burner boiler with a thermal inertia and nonlinear heating
actuators. The main process dynamics are modeled by LTI
(Linear Time Invariant) ﬁrst order lag elements for the heat
capacity or mass (upper right PT1 block) and the gas mixing
process in the burner (lower right PT1 block). The weak crosscoupling of the process is modeled by ﬁrst order lag elements
which inﬂuences the dynamic behavior of the burner.
Output 1 (OUT1) is the burner temperature and Output 2
(OUT2) is the oxygen excess concentration in the ﬂue gas.
Both plant inputs have effects on both outputs. That means,
the fuel supply increases the burner output temperature and
decreases the oxygen excess concentration of the ﬂue gas as
well as the combustion air increases oxygen content in the ﬂue
gas and decreases the burner temperature.
A simulation model is implemented with the behavior of
the presented plant in 4DIAC by IEC 61499 FBs. This plant
which has to be controlled is designed to validate and proof
the following features of the closed loop control strategy

A special PIDT1-Controller is developed to be able for processing control systems in a wide industrial application ﬁeld.
Therefore the requirements from Section IV-A are considered
and applied for the development of the industrial applicable
PIDT1 controller. Common straight forward implementations
of the classical PID-Controller are not applicable for industrial
applications, because there is the need to have some additional
features like set-point mode switches.
The PIDT1 controller is designed as IEC 61499 composite
FB which includes several encapsulated functions. First of all,
the common PID controller functionality is implemented. Then
a limit functionality is implemented which supports an upper
and lower value limitation of the controller output. Furthermore an additional dead zone functionality is implemented.
This feature is needed to level the manipulated variable, so that
the controller needs not to work for small deviations. To get the
possibility to add an additional offset value for the manipulated
variable a feed-forward parameter can be parametrized. In
some cases a negative gain output value is needed. Therefore
the input parameter NGAIN=true can be set. One of the
most used feature is the set-point mode switching. The mode
switch will start when the MODE parameter is changed. At
the moment six set-point values can be chosen, i.e., SW_IN,
EXT1, EXT2, MAN_IN, EXTY, TRACK. Especially, for some
of set-points additional time values can be set, e.g., T_SW=1s,
T_EXT1=3s, T_EXT2=0.5s. These time values are used for
the smooth crossover by a ramp functions, when switching
between the setpoints. This is need to avoid set-point values
step changes which can result in unstable process behavior.
C. Resultant Overall Control System
The implementation of the closed loop control algorithm
is done in IEC 61499 using the open source project called
4DIAC [14]. We used two controller instances (i.e., two
PIDT1-Controller) to control the MIMO plant behavior. Each
PIDT1-Controller for each plant input. We implemented the
three proposed event concepts which have been identiﬁed in
the last section, see Fig. 3.
Fig. 6 shows the IEC 61499 implementation of the event
handling approach which is presented in Fig. 3.b. The eventhandling concept presented in Fig. 3.a as well as Fig. 3.b are
applicable for the process industry like district heating plants.
Therefore, such control systems consists of a large response

for the process industry domain and for controlling motion
control applications.
Our future work on modeling event-based closed loop control systems will focus on using a model predictive controller
(MPC) instead of the PIDT1-Controller. Therefore an industrial MPC running on embedded systems will be developed
which will be used in event-based automation applications.
Our current execution triggering implementation of the closed
loop control algorithm applications uses a hybrid execution approach (i.e., time-driven and event-based approach). In future
work the execution process will be switched from the hybrid
approach to a fully event-based approach by using interruptdriven methodologies.
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Implementation of the Closed Loop Control System in 4DIAC

time and the pre-calculation concept presented in Fig. 3.c is
not necessary. The concept pictured in Fig. 3.c is applicable
for systems which needs a short response time like motion
control applications [15].
The controllers are triggered by an E_CYCLE FB with
a cycle time of tcontroller = 300ms whereas the plant is
triggered by a different internal cycle time of tplant = 100ms.
The triggering of the closed loop control system is implemented by a hybrid execution processing approach (eventbased and time-driven approach). Therefore the controller part
and the plant part are sampled cyclically by a ﬁxed time
rate which we called time-driven approach with an overall
event-based execution triggering of the closed loop control
system, see Fig. 6. Furthermore, the internal processing of the
controller and the internal processing of the simulated plant
are handled by IEC 61499 events. This results in an ordered
execution of the Controller FB and the Plant FB. There
is the possibility to deﬁne the execution order of the internal
behavior from the Controller and the Plant FB by events
explicit.
VI. C ONCLUSION AND F UTURE W ORK
This paper outlines how closed loop control systems can
be used for industrial automation applications by using
IEC 61499 FBs. The requirements applicable for industrial
controller algorithm implemented on embedded devices like
Programmable Logic Controllers have been shown. Based
on our analysis and the resulting requirements of our industry partners we developed an advanced industrial PIDT1Controller which is usable for the process industry like district
heating plants. In order to determine the appropriate execution sequence for the closed loop control application by
IEC 61499 events, three different processing concepts have
been developed and implemented. Through the evaluation of
the proposed event handling concepts after implementation,
several ﬁelds of application could be identiﬁed. Hence, we
used the resulting design patterns of the closed loop control
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Österreichische Forschungsförderungsgesellschaft (FFG).
R EFERENCES
[1] G. Doukas and K. Thramboulidis, “A Real-Time-Linux-Based Framework for Model-Driven Engineering in Control and Automation,” in
IEEE Transactions on Industrial Electronics, 2011, pp. 914 – 924.
[2] G. Franklin, J. Powell, and M. Workman, Digital control of dynamic
systems, ser. world student series. Addison-Wesley, 1998.
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