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Abstract 

 

The demand for flexibility and reconfigurability in the automation industry has inspired the 

distributed concept in control system design. The Function Blocks architecture of IEC61499 

standard introduces a programming language for distributed systems design. However, this 

design approach faces two major challenges: the complexity in design distributed system and 

the lower industrial recognition of the standard. There is still lack of proper environments for 

design and validation based on Function Blocks. Various researches have been investigating 

solutions to ensure the correctness and robustness of complex distributed systems, such as 

validation and formal verification techniques for discrete manufacturing systems or hybrid 

continuous discrete process systems. However, the process of modelling everything from 

scratch for validation and verification purpose is time-consuming and costly.  

In this thesis, a new model-based engineering approach is introduced by bridging MATLAB 

Simulink with IEC61499 Function Block models. This is achieved by two methods: one is by 

a complete model transformation between the two block-diagram languages. The 

transformation supported by the developed tools sets the cornerstone of the verification and 

validation framework for IEC 61499 function blocks in closed-loop with the models of the 

plant. The framework paves the way to running distributed simulations of complex hybrid (i.e. 

continuous-discrete) closed-loop plant-controller systems and building complex models on 

account of object instantiation techniques of IEC 61499. The second method, called 

“co-modelling approach”, uses communication protocols to establish direct closed-loop 

simulation between the two models. 

These approaches form a design and validation environment, which gives an interesting 

alternative for designing distributed systems based on Function Blocks. Bridging between 

popular modelling tools such as MATLAB Simulink does not just provide an easier set-up for 

validation and verification, but may also potentially improve the industrial acceptance to the 

IEC61499 Function Blocks. 

.  



 

iii 
 

Acknowledgements 

 

First and foremost, I would like to acknowledge the support and contributions of my 

supervisor Dr. Valeriy Vyatkin. His enthusiasm, inspiration and ideas have helped to shape 

this work from the start till the very end of this PhD research. 

I would also like to express my special thanks to the following individuals with whom I have 

had the privilege of working and discussing ideas together throughout this research work: 

 A/Prof Sing Kiong Nguang: My 2
nd

 supervisor who has helped me in the motor 

model project. 

 Cheng Pang: The most senior person currently in our research group, who has 

constantly provided support and useful comments towards the completion of this 

work. 

 Gulnara Zhabelova: Thanks to her work with testing the co-modelling approach on 

the smart-grid project in her ME research. 

 Jeffrey Yan, Gareth Shaw, Li Hsien Yoong, William Dai: Other current members 

of our industrial informatics group, who have provided helpful resources and ideas 

throughout this work. 

 Piran Tata, Geoff Black: Former members of our research team, who have given me 

support at the very start of this research. 

 Simon Yuan, Tony Kao, Ian Chen: Friends and colleagues in the research office, 

who have encouraged and supported me during this 4 year period. 

 My parents and sister: for their non-stop support and understanding for all these 

years. 

Finally I would like to acknowledge the three year financial support from the Engineering 

Faculty and the Electrical and Computer Engineering Department of University of Auckland 

through the GFSS scholarship scheme, as well as the final year financial support from 

BuildIT through their PhD scholarship.



 

iv 
 

Table of Contents 

 

Abstract ................................................................................................................................................... ii 

Acknowledgements ................................................................................................................................ iii 

List of Figures ........................................................................................................................................ vii 

List of Tables ........................................................................................................................................... x 

Chapter 1. Introduction ........................................................................................................................ 11 

1.1. Background of Distributed Control and the IEC61499 Standard ............................................... 12 

1.2. Challenges and Motivation ........................................................................................................ 15 

1.3. Contribution of the thesis .......................................................................................................... 21 

1.4. Description of the thesis ............................................................................................................ 21 

Chapter 2. Literature Review ................................................................................................................ 23 

2.1. Overview of Distributed Implementation and Design ............................................................... 24 

2.1.1 Intelligent Control and Multi-agent System ........................................................................ 26 

2.1.2 Multi-agent System (MAS) ................................................................................................... 27 

2.1.3 IEC61499 Standards ............................................................................................................. 28 

2.1.4 Weakness in Distributed Implementation ........................................................................... 30 

2.2. Other Related International Standards ...................................................................................... 31 

2.2.1 CAEX ..................................................................................................................................... 31 

2.2.2 OpenRTM ............................................................................................................................. 31 

2.2.3 IEC61804 Standards ............................................................................................................. 33 

2.3. Existing modelling and design environment .............................................................................. 34 

2.3.1 MATLAB and Simulink/Stateflow ......................................................................................... 35 

2.3.2 Other modelling environments ............................................................................................ 37 

2.3.3 Simulation and Validation environment for Hybrid Systems............................................... 39 

2.3.4 Simulation Works with Modular Approach ......................................................................... 41 

2.3.5 Common Problems and Challenges ..................................................................................... 41 

2.4. IEC61499 Function Block Development Status .......................................................................... 42 

2.4.1 Comparison with IEC61131-3 ............................................................................................... 44 

2.4.2 Solution for improving industrial acceptance ...................................................................... 46 

2.4.3 MVC Implementation ........................................................................................................... 49 

2.4.4 Solution for complexity issue with Verification and Validation ........................................... 55 



 

v 
 

2.4.5 Intelligent Mechatronic Components (IMC) Framework ..................................................... 57 

2.5. Summary .................................................................................................................................... 63 

Chapter 3. Proposed Design and Validation Environment ................................................................... 65 

3.1. Design and Validation Environment .......................................................................................... 66 

3.2. Integrated Simulation Environment .......................................................................................... 68 

3.3. MATLAB Simulink ....................................................................................................................... 70 

3.4. Function Block Tools .................................................................................................................. 71 

3.5. Two Approaches ........................................................................................................................ 73 

3.6. Summary .................................................................................................................................... 74 

Chapter 4. Model Transformation Approach........................................................................................ 75 

4.1. How do the two modelling environments work? ...................................................................... 76 

4.1.1 MATLAB Simulink ................................................................................................................. 76 

4.1.2 IEC61499 Function Blocks .................................................................................................... 82 

4.1.3 Function Block Execution ..................................................................................................... 86 

4.2. What parameters of the models should be considered in the transformation? ....................... 89 

4.2.1 Data Connection .................................................................................................................. 89 

4.2.2 Execution Priority (Event connections) ................................................................................ 90 

4.2.3 Data Type Mapping .............................................................................................................. 93 

4.2.4 Discretization and Sampling Time ........................................................................................ 94 

4.2.5 Algorithm Translation .......................................................................................................... 99 

4.3. How does the model transformation work? ............................................................................ 101 

4.4. How shall the nature of the model execution be preserved? ................................................. 108 

4.4.1 Proof of Equivalence .......................................................................................................... 108 

4.5. Summary .................................................................................................................................. 112 

Chapter 5. Implementation ................................................................................................................. 114 

5.1. Software Implementation of Model Transformation Concept ................................................ 115 

5.2. Steps of Applying the Model Transformation Software .......................................................... 118 

5.2.1 Creating corresponding Function Blocks ........................................................................... 119 

5.3. Experiment with Model Transformation ................................................................................. 122 

5.3.1 Estimation for complexity of transformation algorithm .................................................... 126 

5.4. Summary .................................................................................................................................. 126 

Chapter 6. Co-Modelling Approach .................................................................................................... 128 

6.1. Closed-loop Simulation ............................................................................................................ 129 

6.2. UDP and TCP Sockets in Simulink ............................................................................................. 132 



 

vi 
 

6.3. Service Interface Function Blocks ............................................................................................ 135 

6.4. Different Simulation Scenarios ................................................................................................ 137 

6.4.1 Function Block controller design ........................................................................................ 137 

6.4.2 Decentralization ................................................................................................................. 138 

6.4.3 Multiple Simulink models .................................................................................................. 139 

6.4.4 Re-use specific parts of the Simulink model ...................................................................... 141 

6.4.5 Testing environment for transformed models .................................................................. 141 

6.4.6 Conjunction with Model Transformation Approach .......................................................... 142 

6.5. Simulation Taking into Account Function Block Execution Time ............................................. 143 

6.6. Example of Implementations ................................................................................................... 148 

6.6.1 mController example ......................................................................................................... 149 

6.6.2 Partial Transformation Example ........................................................................................ 150 

6.6.3 Smart-grid Example ............................................................................................................ 155 

6.7. Summary .................................................................................................................................. 158 

Chapter 7. Conclusions and Future Works ......................................................................................... 159 

7.1. Conclusions .............................................................................................................................. 159 

7.2. Recommended Future Works .................................................................................................. 161 

References .......................................................................................................................................... 163 

 



 

vii 
 

List of Figures 

 

Figure 1. An example of distributed process control system [12]. ....................................................... 13 

Figure 2. Distributed solution with Function Blocks on BHS. ................................................................ 15 

Figure 3. Closed-loop system. ............................................................................................................... 17 

Figure 4. Model View Control approach. .............................................................................................. 19 

Figure 5. Distributed Process Control concept [1]. ............................................................................... 25 

Figure 6. Multiple controllers individually control a device. ................................................................ 29 

Figure 7. The proposed architecture of RT-Component model [45]. ................................................... 32 

Figure 8. 3D recognition and tracking using the proposed OpenRTM development tools [45]. .......... 33 

Figure 9. IEC61804 Relations to other standards and products. .......................................................... 34 

Figure 10. Sample simulation results from MATLAB and SIMULINK [50]. ............................................ 36 

Figure 11. A hybrid system modelled with FMS and CT. ...................................................................... 38 

Figure 12. An example user interface of Ptolemy II. ............................................................................. 38 

Figure 13. Hybrid Systems with different degree of continuous flow [1]. ............................................ 39 

Figure 14. Batch Process Reactor and its hybrid model [55]. ............................................................... 40 

Figure 15. FESTO MMP.......................................................................................................................... 48 

Figure 16. MVC design pattern architecture [60]. ................................................................................ 50 

Figure 17. Component design of a manufacturing system from the mechatronic component [60].... 51 

Figure 18. UML class diagram of MVC class hierarchy represented in FB types [61]. .......................... 52 

Figure 19. MVC example of a single tank process control system [61]. ............................................... 52 

Figure 20. MVC example of a sorting machine with HMI and visualisation [61]. ................................. 53 

Figure 21. Layout of a small airport BHS and Test “two closely packed bags” visualised on the 

rendering application [21]. ................................................................................................................... 54 

Figure 22. Visualisation with ISaGRAF implementation with OPC server [80]. .................................... 54 

Figure 23. nxtControl visualisation of a water tank system [64]. ......................................................... 55 

Figure 24. Sketch of the engineering framework supporting the integrated validation [60]............... 61 

Figure 25. Workpiece Distribution Station design scenario: fixed system structure with replaceable 

components [60]. .................................................................................................................................. 63 

Figure 26. Range of intelligent components in process industries [3]. ................................................ 67 

Figure 27. Design flow with the integrated software environment. .................................................... 69 

Figure 28. Closed-loop model transformation between two domains. ............................................... 76 

Figure 29. An example of a subsystem in Simulink. .............................................................................. 77 

Figure 30. The fundamental rules for execution priority in Simulink. .................................................. 78 

Figure 31. An exceptional case for the priority order. .......................................................................... 79 

Figure 32. Memory block is inserted and enables closed-loop connection. ........................................ 79 

Figure 33. A Simulink block. .................................................................................................................. 80 

Figure 34. (a) An example Stateflow block.  (b) The finite state chart inside the Stateflow block. ... 82 

Figure 35. An example of Function Block network for a two-tank system. .......................................... 83 

Figure 36. Interface and ECC of the basic Function Block..................................................................... 84 

Figure 37. A simple Simulink model. ..................................................................................................... 90 



 

viii 
 

Figure 38. The transformed Function Block System. ............................................................................ 90 

Figure 39. Event and data association after transformation. ............................................................... 91 

Figure 40. A scheduler Function Block .................................................................................................. 93 

Figure 41. Hybrid Systems with different degree of continuous flow [1]. ............................................ 95 

Figure 42. FB implementation of a discretized computation of a continuous function F given its 

derivative dF [14]. ................................................................................................................................. 96 

Figure 43. Comparing the outputs of the Transfer Function Simulink block with its corresponding FB.

 .............................................................................................................................................................. 97 

Figure 44. FB implementation of a model dependent on a continuous input X. The output function is 

represented as F(X). The calculation is reactivated by loop back event link [14]................................. 98 

Figure 45. Algorithm translation from MATLAB code to ST. ............................................................... 100 

Figure 46. Transfer Function Simulink block. ...................................................................................... 104 

Figure 47. The corresponding Function Block for Transfer Function Simulink block. ........................ 104 

Figure 48. A Stateflow block is transformed into a basic FB. .............................................................. 105 

Figure 49. Stateflow’s FSM is mapped to FB’s ECC. ............................................................................ 106 

Figure 50. Transformation example from a Simulink/Stateflow model to a Function Block model. . 107 

Figure 51. Simulation from the Function Block model transformed from the Simulink model of the 

two tank system. ................................................................................................................................. 108 

Figure 52. Mapping for a system with two blocks. ............................................................................. 110 

Figure 53. Mapping for system with N+1 blocks................................................................................. 111 

Figure 54. The phases of the model transformation in software implementation. ........................... 116 

Figure 55. The mapping between the meta-models of Simulink and Function Block. ....................... 118 

Figure 56. Steps of using the transformation software. ..................................................................... 119 

Figure 57. One example of mapping between the libraries. .............................................................. 120 

Figure 58. Model transformation from Simulink to FB model. ........................................................... 124 

Figure 59. Rearranged Function Block model after transformation. .................................................. 125 

Figure 60. 4DIAC Function Block model that has been imported from the same FBDK model. ........ 126 

Figure 61. Closed-loop simulation between MATLAB and FB models. ............................................... 129 

Figure 62. An example Simulink model with UDP sockets or TCP sockets. ........................................ 130 

Figure 63. Timing diagram of closed-loop simulation based on Simulink's model time. ................... 132 

Figure 64. Communication between two models can take place multiple times in one model time 

step. .................................................................................................................................................... 132 

Figure 65. An example using UDP communication blocks from xPC Target. ...................................... 133 

Figure 66. An example using S-Function block with TCP/UDP/IP Toolbox. ........................................ 134 

Figure 67. TMTool that allows MATLAB to identify hardware and establish communication channel.

 ............................................................................................................................................................ 134 

Figure 68. UDP and TCP Sending and Receiving SIFBs. ....................................................................... 136 

Figure 69. FB for receiving multiple data signals. ............................................................................... 136 

Figure 70. Function Block Controller System with UDP Sockets. ........................................................ 137 

Figure 71. Closed-loop simulation setup with decentralized controllers. .......................................... 139 

Figure 72. Simulation with multiple models by using a common communication channel. .............. 140 

Figure 73. Closed-loop simulation setup for model-based control. ................................................... 141 

Figure 74. Testing environment for transformed FB. ......................................................................... 142 

Figure 75. Compare data and simulation results by using socket communication. ........................... 143 



 

ix 
 

Figure 76. Intermediate program between two models allows the simulation to take into account of 

the FB execution time. ........................................................................................................................ 144 

Figure 77. The execution time of the FB controller exceeds the current time step. .......................... 145 

Figure 78. Simulink blocks that can output the time stamp parameters. .......................................... 146 

Figure 79. An example of motor Simulink model. .............................................................................. 148 

Figure 80. Output results from the motor Simulink model. ............................................................... 149 

Figure 81. Closed-loop Simulation between the FB motor controller and a plant Simulink model. .. 150 

Figure 82. Closed-loop simulation with the remaining un-transformed parts of MATLAB model. .... 151 

Figure 83. Output results from the transformed Function Block model. ........................................... 152 

Figure 84. Result comparison of the derivative block in Simulink and FBDK. .................................... 153 

Figure 85. 4DIAC Implementation of the motor model with the co-modelling approach. ................ 154 

Figure 86. Smart-grid example of using co-modelling approach [114]. ............................................. 156 

Figure 87. One smart-grid simulation example where multiple communication sockets are placed in 

the closed-loop model. ....................................................................................................................... 157 

Figure 88. Closed-loop simulation results from the smart-grid model [114]. .................................... 158 

 



 

x 
 

List of Tables 

 

Table 1. Comparison between Simulink and Function Block environment .......................................... 35 

Table 2 Data Types mapping between Function Blocks and MATLAB Simulink. .................................. 94 

Table 3 Database structure for Simulink block transformation. ......................................................... 121 



 

11 
 

 

 

 

1 
Chapter 1. Introduction 

 

The always-increasing demand for flexibility, adaptability, robustness or 

reconfigurability in automation and control systems domain imposes the need for new 

paradigms to address these requirements. Several recent surveys [1-3] have indicated 

such increasing demand in the automation industry. For example, in process industries 

the requirement is to react on the ever changing market demands by producing small 

quantities of many customised products rather than mass production of a single 

product [2, 4, 5]. This, in turn, changed the requirements to the automation 

architectures of production plants. These new requirements will result in increasing 

complexity of the control software to the extent where the existing design 
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methodologies will fail. This is envisaged in the visionary study from the Iacocca 

Institute [6]. Control software is always the main element in industrial control and 

automation systems to provide correct and safe operation of the automation process. 

Therefore, the development of new control software is essential. The new IEC 

standard for distributed automation systems called IEC61499 [7] and the new 

software programming language called Function Blocks (FB) become one solution 

towards fulfilling these upcoming demands. 

1.1. Background of Distributed Control and the IEC61499 Standard 

The past few decades have seen the widespread adoption of traditional distributed 

control systems (DCS) in the process industries. This was influenced by the spatial 

distribution of the plants. This approach requires the use of field area networks (a.k.a. 

Fieldbus) to connect sensors and actuators with the data processing units. However, 

while increasing the flexibility of hardware maintenance, this traditional distributed 

control systems approach has little to do with flexibility of the production. This 

classic DCS still implements a centralised control unit that controls and supervises all 

the devices connected on the system network. Hence this traditional DCS is very 

different from the truly distributed control design this research is focusing on. 

In the meantime, the discrete manufacturing industries are facing similar market 

challenges. There was a substantial body of research on the use of “intelligent 

mechatronic components” (IMC) in order to improve the flexibility of the production 

systems [8-10]. Such intelligent components are individually equipped with 

embedded controllers and can be aggregated to machines and systems, arguably easier 

than traditional mechanical components. This results in easier reconfiguration. This 

approach was mapped by OOONEIDA to the value-creation chain of automation 
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industries [11]. By the use of intelligent components and object-oriented design, it 

promises to bring essential benefits for design and re-configuration of automated 

production systems. These benefits include the encapsulation and reuse of a good deal 

of the intellectual property relevant to a particular mechanical component, machine or 

system. 

The integration of the intelligent control idea with the decentralised design results in a 

completely new approach that can be called Distributed Intelligence (DI). Instead of 

having a single centralised controller, the DI approach relies on decentralised control 

architecture with multiple controllers in charge of individual devices or subsystems. 

These controllers may communicate and collaborate with each other through some 

common communication channel such as Ethernet. Figure 1 shows one example of 

distributed architecture where a process control system is divided into three 

subsystems. Each of these subsystems is controlled by an individual controller.  

  

Figure 1. An example of distributed process control system [12]. 

 

It is possible to implement such concept with traditional Programmable Logic 

Controller (PLC) and Local Area Network (LAN) as the communication channel. 
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However, researchers face various difficulties in software development for distributed 

systems in the traditional way. One of these is that controllers in a distributed system 

may come from different vendors, which imposes the portability and interoperability 

requirements. To address this issue, the International Electrotechnical Commission 

(IEC) established the IEC61499 standard [7] and defined a new concept of designing 

control systems using event-driven modules called “Function Blocks” (FB). Function 

Blocks offer a higher level of abstraction than conventional PLC based design. This 

improves the flexibility and efficiency of system design on account of solutions’ 

re-use. The modularity concept is the key for easier reconfiguration and software 

re-usability. This is not achievable in the conventional IEC61131-3 compliant PLCs 

[13], and many system software reuse is accomplished only by non-modular and error 

prone techniques such as cutting, pasting and modification of code. 

IEC61499 sets the common criterion in the implementation of distributed control, 

allowing the design to be vendor-independent while achieving flexibility in terms of 

both software and hardware. Figure 2 shows one example of a Function Block control 

implementation for a baggage handling system (BHS), where the control design is 

divided into 4 different sections and deployed to their corresponding controllers. 

These controllers are all independent of each other and communicate with each other 

through a common communication channel. The FB control design can always be 

created first, before taking detailed consideration of the hardware layout and 

specification. Re-allocation of the resources to different controllers can be easily 

accomplished by rearranging the deployment of the Function Block modules. This is 

one of the biggest advantages of using Function Block in design, resulting in higher 

flexibility and software-reusability. This is definitely not achievable by the current 

programming approaches with the traditional PLC. 
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Figure 2. Distributed solution with Function Blocks on BHS. 

 

1.2. Challenges and Motivation 

At the current status of development with IEC61499 Function Block, there are two 

main challenges faced by the researchers [14]. One problem comes from the 

complexity in the decentralised system design. When controllers are distributed and 

independent of each other among the system network, the data exchange to the 

devices and the communication between the controllers certainly increase. This 

complicates their testing. Even though the control design is more manageable through 

the software module concept of Function Blocks, it is still challenging to grasp the 

overall behaviour of the distributed system without computer-aided verification 

process, especially when each controller in the system network may be designed by a 

different developer. A software design environment with advanced validation and 

verification capabilities that can tackle distributed systems is essential for the 

successful designs based on IEC61499 Function Blocks. 

The second challenge comes from the system engineering side. In order to be 

successfully adopted by industry, the perceived switching cost to this new Function 

Blocks approach needs to be less than the perceived benefit. The costs of the change 

can be very substantial especially in restructuring and retraining to familiarise with 
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the new design approach and new design tools [15]. This problem leads to an idea of 

linking existing tools and languages with Function Blocks. 

The software environment may integrate several other tools for modelling, simulation 

and verification together, aiming to help the end-users to design a control system in a 

faster and more accurate way. This idea is also illustrated in the author’s recent 

publication [16]. There, it also emphasises the importance of validating and verifying 

systems in a closed-loop manner. Control systems are normally modelled in a 

closed-loop way, where there are a “controller” and a “plant” model that describes the 

behaviour of the physical systems (see Figure 3). The controller sets control inputs of 

the plant based on the control algorithms and readings of the plant’s sensors. 

Verification and validation of the closed-loop systems is very important. Validation 

and verification using an open-loop model of the controller may help to identify some 

undesired controller reactions. According to [16], the benefit of verification and 

validation using closed-loop models is as follows: “The validation of controller design 

by itself has no meaning and does not guarantee the correct behaviour of the systems. 

This simple truth has often (and is still) misunderstood or even neglected. In fact, 

from verification perspective, for example, no liveness property can be proven by 

open-loop model. It is basic knowledge in automation technology that closing the 

control loop significantly changes the behaviour of both the plant and the controller. 

Any claim that an open-loop analysis of behaviour would prove the correctness of the 

plant behaviour under control is incorrect.”  

There is a growing recognition of the benefits of the closed-loop approach in the 

research community dealing with formal verification of industrial automation systems. 

Examples can be found and justified in [17-19]. The problem for wider adoption of 

the closed-loop verification is the lack of model design methods, which can transform 
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this activity from a form of art to a systematic routine, well integrated into usual 

activities of control engineers. The closed-loop plant-controller modelling implies the 

need for systematic development of plant models in function blocks. Traditionally, 

function blocks have been considered as distributed controller implementation 

architecture, and may seem not the best plant modelling environment. In our view, 

however, the ability to integrate plant and model in a single execution and 

development framework is one of the benefits of IEC 61499 architecture. It has been 

demonstrated in a number of publications [13, 20, 21], that using function blocks as a 

modelling language is feasible and beneficial. For example, one possible use is 

implementation of model-predictive control in a FB-compliant embedded controller. 

The plant model in Function Blocks can be also used in system verification and 

validation. However, the process of modelling is complex and resource consuming. It 

would be better to re-use models developed with some established modelling 

frameworks. This suggests the idea of model transformation. 

 

Figure 3. Closed-loop system. 

 

There already exist some popular software tools (therefore software environments) for 

design and modelling control systems. Even though they are not designed for 

Function Block implementation or any distributed design, many of these tools, 

including MATLAB Simulink [22], Labview [23], Ptolemy II [24] etc., all use 

block-diagram modelling approach like the Function Block modules. Nevertheless, in 

all these tools, the code generation from abstract controller design is always error 
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prone and often requires 2 different toolsets to complete the physical deployment to 

the controllers. And these tools are not designed to handle truly distributed control 

design. This gives an opportunity for IEC61499 to position itself ahead of other 

software environments with its fast direct deployment capability in the aspect of 

distributed implementation. Also Function Block implementation allows a new design 

concept called “Model View Control” (MVC) approach (see Figure 4). The concept 

of this approach completely aligns with the validation environment mentioned 

previously. The design of the controller forms a closed-loop system with the plant 

model of the physical object that is to be controlled. With MVC concept, this 

closed-loop system is validated (by the means of computer simulation or formal 

verification such as model-checking etc) with the assistance of Human Machine 

Interface (HMI) and visualisation as the VIEW component. Once the validation 

process indicates the correct and safe control implementation, the plant model part 

can then be immediately replaced by the physical objects while the controller part is 

directly deployed to the physical controller. The MVC concept and closed-loop 

analysis is well aligned with cyber physical system concept, which is currently a 

popular research trend in embedded systems research. The embedded system research 

groups start realising the importance of the environment models, and the validation of 

control design by itself is meaningless without the plant model. 
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Figure 4. Model View Control approach. 

 

When implementing the MVC approach with distributed control, plant modelling 

from scratch is actually an expensive and time-consuming process. This leads to an 

idea of bridging Function Block implementation with existing popular modelling tools. 

There already exist many systems being modelled in the software tools such as 

MATLAB Simulink or Labview. Therefore, if the transformation from these existing 

models to Function Block models could be achieved automatically, it immediately 

provides a quick solution to the issue with plant modelling. The Function Blocks is an 

executable specification for distributed control systems that enables designing and 

maintaining controllers for distributed systems with capability of direct deployment, 

while modelling tools such as MATLAB Simulink are good for simulation and 

analysis of control systems. Since the control system designers or engineers in control 

and automation industry are still more familiar with tools such as MATLAB Simulink 
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or Labview and there are no readily available tools for validation and verification of 

Function Block systems, having such transformation mechanism in our proposed 

integrated software environment may immediately grant the simulation and 

verification ability to Function Block designs. This transformation solution would 

seriously improve Function Blocks’ verification and validation potential, stimulating 

their industrial acceptance. 

In this work, MATLAB Simulink is chosen to be the target software tool. The reasons 

are that it is a powerful tool in modelling and simulation and majority of researchers 

and industrial engineers in control system domain are familiar with it. Also Simulink 

follows the block-diagram modelling approach, which is very close to the modular 

approach of Function Blocks.  

In order to utilise Simulink’s validation and verification functionality, two approaches 

can be implemented. The simplest one would be to connect the two tools through a 

standard communication channel such as UDP or TCP connections. While, in general, 

it works and allows for co-simulation of Function Block controllers with plant models 

in Simulink, there are some limitations and overheads. The execution semantics of 

both languages is different (and there are variations between different FB 

implementations), so one has to build a communication channel that does not depend 

on these differences. This approach also does not allow taking the models on board of 

embedded controllers for model-predictive control (MPC), where the controller 

design is based on prediction of the system’s behaviours. This is a common and 

advanced control technique in process industries such as chemical plants and oil 

refineries. Therefore, there are good reasons to run both plant and controller within 

the same FB platform. 
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Other reasons for transformation are:  

 Running simulation on distributed hardware is not a problem in Function 

Blocks, while not supported in Simulink;  

 Easier re-use in Function Block form. In Simulink, there is no notion of class 

and instance, so if a same block is used throughout the system many times, 

and for some reason it requires modification, then this is to be done in its 

every occurrence.  In this scenario, Function Block tools certainly have 

advantage from the software reusability perspective.  

1.3. Contribution of the thesis 

This research consists of a design software environment and new design approaches 

based on the proposed framework and the new IEC61499 standard. The following 

contributions are made: 

1) A software transformation tool is developed to enable a semi-automatic model 

transformation from MATLAB Simulink models to Function Block models. 

2) A co-modelling design environment is introduced for simulation and 

validation between MATLAB models and Function Block models via 

communication channel. 

3) This work explores the application and combination usage of the 

transformation approach and the co-modelling approach. 

4) This work completes the simulation/validation parts of the proposed software 

design environment (detail discussion is presented later in Chapter 3) for 

IEC61499 Function Block implementation with demonstrated examples. 

1.4. Description of the thesis 

The remaining chapters of this thesis will present a new model-based engineering 

approach which bridges MATLAB Simulink with IEC61499 Function Block models.  
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Chapter 2 outlines the background materials for this field of research. This chapter 

briefly discusses the different implementation and development in truly distributed 

system design, including IEC61499 standard which is the main focus in this research. 

Various validation and verification techniques and their relevant modelling tools are 

listed as a reference to the choices available for the design and validation environment. 

A discussion on the current development progress in Function Block implementation 

is provided. 

Chapter 3 addresses the proposed design and validation environment based on a 

previously published IMC framework. This indicates the position of this thesis work 

in the whole context of establishing the design environment. Here, the two approaches 

of bridging the link with MATLAB Simulink are introduced. 

Chapter 4 addresses the concept and theoretical aspect of the model transformation 

approach in detail. All the considered aspects, to ensure the model transformation is 

properly implemented, are discussed here. This includes a formal proof for the 

equivalence of the transformed model to the original one. 

Chapter 5 presents the practical implementation of the model transformation. This 

includes the detail of the software implementation which can semi-automatically 

transform the Simulink models to Function Block models. The model transformation 

is demonstrated with an industrial motor model. 

Chapter 6 addresses the co-modelling approach, showing how the timing aspects are 

considered to ensure the correctness of the closed-loop simulation. A practical 

example is presented, as an extended example from previously introduced motor 

model. This shows how the co-modelling approach can cooperate with the model 

transformation approach.  

Chapter 7 concludes the thesis and outlines the future work which could be 

conducted.  
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2 
Chapter 2. Literature Review 

 

As previous stated in the introduction, there are several existing modelling 

frameworks for modelling control systems. Since the establishment of the Function 

Block language, several works have also been conducted to create design environment 

or framework for Function Block-based design, including works in our research group. 

The start of this chapter provides a summary of various design concepts on distributed 

control and a summary of some modelling frameworks that are popular in the current 

automation and control industries. Then the chapter is followed by a discussion on the 

pros and cons of these existing design concepts and frameworks. These provide a 

general understanding of the problems to be solved and approaches to be taken in this 
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research. Later in this chapter, a summary of the current Function Block development, 

especially regarding to design, verification and validation approaches, is provided. 

This chapter is divided into 4 parts covering the related research to this topic. Section 

2.1 presents an overview of the state-of-art implementation and research direction 

based on distributed intelligence concept. Section 2.2 lists out some related standards 

and their concepts that are similar to the concept of IEC61499 standard. Section 2.3 

covers the relevant research and available tools in the area of validation and 

verification of control systems in general and shows options for validating and 

verification distributed control systems. Section 2.4 presents the current status of 

development in IEC61499 Function Blocks and the research direction that this thesis 

work is following. 

2.1. Overview of Distributed Implementation and Design 

The idea of the truly distributed systems originates from the control implementation in 

process industry. This is where each physical element such as switches, pumps and 

valves is directly connected to its own control unit. The concept of distributed systems 

is to replace a central controller with multiple controllers that control a particular part 

of a system. This means every single object or subsystem inside a system can 

potentially have its own control unit. Distributed control has various implementations 

in variety of industries such as Manufacturing, Electrical Power Generation, Oil 

Refining, and Pharmaceutical Manufacturing etc. In [1], the reconfigurability was 

considered as the target of distributed control. Figure 5 shows the vision in distributed 

reconfigurable process control. 
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Figure 5. Distributed Process Control concept [1]. 

 

Currently, no proper design methodology and software tools have yet been fully 

developed for the implementation of distributed process control in industrial practice. 

However, at the beginning, a problem with this distributed process control lies upon 

the realization of implementation in industrial practice, where no proper design 

methodology and software tools have yet been fully developed. Further investigation 

in tools for human interaction is also essential to define human involvement (i.e. 

degree of semi-automation) in distributed process control. 

Therefore several researches have been conducted by following this distributed 

concept, including: 

 Intelligent Control 
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 Multi-agent Systems 

 Function Block concept of IEC61499 

2.1.1 Intelligent Control and Multi-agent System 

A research stream in manufacturing has been dealing with intelligent control 

approaches based on biological principles, for example, the holonic manufacturing 

concept or multi-agent control in manufacturing [25, 26]. Intelligent control and 

Model Predictive Control (MPC) are also popular in the present process related 

research. The incorporation of these control approaches with distributed control may 

become a future research area of interest. 

The term “Intelligent control” is commonly applied to the ability of controllers to 

comprehend and learn about processes and operating conditions [27], and it emerged 

as an interdisciplinary field of computer controlled systems and artificial intelligence 

(AI) computing approaches [28], like neural networks, fuzzy logic and machine 

learning, etc. Also an intelligent system is able to automatically improve upon 

performance as experience is gained. One advantage of intelligent control is where the 

information and knowledge about the system can be maintained even when upgrading 

to a newer system. Intelligent (or knowledge-based) system is particularly useful as a 

supervisory application in a distributed system. It works as an operator assistant. A 

real-time intelligent system can tune and monitor control loops, based on the real-time 

knowledge it gathered. It is also useful in alarm analysis and process diagnosis. An 

experiment work [29] presents the intelligent knowledge-based supervisory control 

(IKBSC) system implementation for a hot rolling mill. This experiment demonstrates 

the advantage of a knowledge-based system as IKBSC helps in scheduling for a 

timely, accurate and safe rolling. 
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2.1.2 Multi-agent System (MAS) 

Due to the complex nature of distributed systems, agent-based control becomes a 

popular approach and a powerful tool [30]. Early implementations of system 

distribution involved splitting the control program into separate pieces while keeping 

essentially the same code structure [31]. This code can be distributed physically 

throughout the system and the hardware linked in a communication network. Custom 

joining code would then be written to knit the smaller components into a complete 

system. While this approach allowed certain degree of physical distribution, there was 

no notion of logical separation of system functionality. Thus this would give the same 

result as a tightly-coupled computer cluster [32] that runs a single process. Therefore 

more modern techniques have been investigated, describing the notion of an 

intelligent, autonomous and goal-oriented agent in a multi-agent system [33]. An 

agent is a concept that represents an autonomous combination of software and 

hardware interacting with the environment.  A multi-agent system is composed of 

multiple agents communicating and working together in order to achieve a common 

goal. An agent-based architecture provides robustness and flexibility and is proven to 

be specifically appropriate for dynamic distributed systems [25]. Because of its 

modular nature, it is also appropriate to develop modular systems with no single 

central controlling unit. An agent-based system includes both local and global 

controller agents that organise all the information obtained from the entire system. As 

an example in process industry, this approach is particularly useful when dealing with 

a system of networks of interconnected continuous stirred tank reactors (CSTRs) [30].  

In a multi-agent system (MAS), each single agent exchanges information with others 

in order to achieve its own objectives. There are some successfully adopted 

applications based on MAS in various industries, ranging from high level control 
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system perspective down to low level control such as controlling subjacent physical 

machines. The high level control applications include projects on steel rod bar mill of 

BHP Billiton in Melbourne [34], distributed control of ship equipment in US Navy 

shipboard systems [35] and production control of semiconductor wafer fabrication 

facilities called FABMAS [36]. The low level comprises device-specific 

implementations with IEC61131-3 compliant PLCs. These low level agent-oriented 

applications rely on technologies such as DCOM (Distributed Component Object 

Model) technology and Ethernet to model and establish simulation representing 

distributed agents (control program) communicating through a network [37, 38]. 

The work [25] also presents some case studies of MAS applications in process 

industry, including an intelligent search system to provide a knowledge management 

platform and a system to provide concurrent process design to ease communication 

between system engineers. 

2.1.3 IEC61499 Standards 

The international Electrotechnical Commission (IEC) established new international 

standards, such as IEC61499 [7] to set common criterion in implementation of this 

truly distributed control design. They enhance the interoperability and re-usability in a 

complex distributed system, aiming to increase flexibility and reconfigurability of the 

control systems in terms of both software and hardware.  

The IEC61499 standard introduces the concept of event-driven modules, known as 

Function Blocks (FB), to address the increasing demand of flexibility, reusability, 

reconfigurability and distributed control applications [13]. Function Block can 

enhance software-reusability and simple reconfiguration through its object-oriented 

nature. IEC 61499 is appealing to developers because of the simplified specification 
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approach and benefits related to the language’s abstraction. The basic design unit or 

function block provides a graphical method for control flow design, and uses 

algorithms written in any programming language. 

With such distributable modules, it allows design to be complete before considering 

physical hardware layout. This is very different to the traditional design approach 

with PLC where hardware layout needs to be considered prior to the control software 

implementation. The Function Blocks design can be broken down into different 

subsystems and loaded onto different controllers where each controls an individual 

device or a subsystem. Figure 6 shows a very simple example where each controller 

controls a single device in a small manufacturing unit. The distribution can be done 

not just on machine level but also at a factory level (large-scaled systems), such as the 

airport baggage handling system shown in chapter 1. Further detail on the 

specification of the IEC61499 Function Blocks will be given later in Chapter 4. 

 

Figure 6. Multiple controllers individually control a device. 
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2.1.4 Weakness in Distributed Implementation 

Although various different applications have been deployed based on the distributed 

concept and the approach is confirmed to be useful, the widespread adoption of the 

distributed concept by the industry is still missing. The following weaknesses have 

been identified as the main reasons for that: 

 The risks that accompany every new technology that has not been proven in 

large scale industrial applications [39]. 

 Lack of mature enough design and development tools for industrial 

development [39]. 

 Paradigm misunderstanding due to the small number of successful industrial 

applications [38]. 

 Increased complexity of the software structure. This is due to the fact that 

distributed architecture requires each distributed node to have accurate status 

of the environment and corresponding mechanisms have to be introduced to 

guarantee the correct functionality and reliability of the system. 

 Lack of methodologies that can simplify the integration of the new 

technology. 

 Lack of industrial recognition of the potentials of the new technology, due to 

absence of publicity of successful industrial projects [40]. 
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2.2. Other Related International Standards 

2.2.1 CAEX 

Computer Aided Engineering Exchange (CAEX) is a data transfer language or a data 

exchange format that enables storing information with hierarchical module-based 

plant [41]. This standard is also known as IEC/PAS 62424, an emerging standard in 

the process control and manufacturing automation engineering. However, it is only 

about data exchange, based on XML and provides a common exchange format 

between process control tools. A tools called CAEX Analyser, based on CAEX 

description, is capable of capturing process topology and linking plant information 

and results with data-driven analysis [42]. This is currently investigated as the 

mechanism to link IEC61499 IMC concept with CAD tools such as AutoCAD [43]. 

2.2.2 OpenRTM 

OpenRTM is a RT-middleware proposed for robot system integration [44]. The term 

“RT” represents “Robot Technology.” OpenRTM also uses a component-based 

approach in designing robotics applications. Figure 7 shows the proposed component 

architecture.  The functionality of the RT-Component is as follows: 

 Component metadata for dynamic component assembly. 

 Component action and execution context for business logic execution. 

 Data ports for data exchange between RTCs. 
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Figure 7. The proposed architecture of RT-Component model [45]. 

 

There are already various industrial application built based on this framework within 

its community, including 3D recognition, tracking, dynamic simulation, learning 

system etc. Figure 8 shows the 3D recognition and tracking implementation example 

based on OpenRTM. However, even though there are various extensive works 

completed based on OpenRTM, this concept has not been formally standardised and 

is so-far only applied in the robotics or related industries. 
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Figure 8. 3D recognition and tracking using the proposed OpenRTM 

development tools [45]. 

 

2.2.3 IEC61804 Standards 

The IEC61804 [46], in particular, describes the specification and requirements of 

distributed process control systems based on Function Blocks [47]. Electronic Device 

Description Language (EDDL) is the language that is stated in the part 2 of IEC61804 

standard and describes the properties of automation system component [46], such as 

vendor information, version of firmware/hardware and data format etc. Through this 

language, all the information will be carried between the devices (controllers, sensors, 

actuators and engineering stations etc) by fieldbus. This language fills in the gap 

between the Function Block specification and product implementation by allowing 

manufacturers to use the same description method for devices of different 

technologies and platforms (Figure 9). 
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Figure 9. IEC61804 Relations to other standards and products. 

 

The Function Block design, of a process control system for example, is only an 

abstract representation which may be implemented differently with different device 

types [47], such as Field Devices (FD), Programmable Logic Controller (PLC), 

visualisation stations and Device Description (DD). 

2.3. Existing modelling and design environment 

Many modelling and design environments exist in the automation and control domain. 

This section presents some well-known software environments for modelling and 

designing control systems. Even though they are not considered to be related to the 

field of distributed control or intelligent control, such reviews show how the 

validation and verification process can be handled. Since the focus of this research is 
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on validation and design tools for distributed systems, tools such as ControlBuild 

Validation developed by Geensoft [48] will not be discussed here.  

2.3.1 MATLAB and Simulink/Stateflow 

MATLAB is a numerical computing environment developed by MathWorks [22]. It 

allows matrix manipulations, plotting of functions and data, implementation of 

algorithms, creation of user interfaces, and interfacing with programs written in other 

languages, including C, C++, and Fortran. Although MATLAB is intended primarily 

for numerical computing, there are toolboxes available, allowing accesses to symbolic 

computing capabilities. An additional package, Simulink, adds graphical 

multi-domain simulation and Model-Based Design for dynamic and embedded 

systems. Stateflow is just a package provided within Simulink, providing 

customizable block described in a form of finite state machine (FSM). Table 1 makes 

a summarized comparison between Simulink and Function Block modelling 

environment. 

 

Table 1. Comparison between Simulink and Function Block environment 

Disadvantage of Simulink  Advantage of FB  

Harder to manage multi-layered 

subsystems  

Structured layout for distributed 

purpose  

Harder in modification of duplicated blocks  FB instances updates all the network  

Not designed for distributed modelling  Distributed modelling  

Focus on Simulation and Analysis  Direct Deployment  

 



 

36 
 

MATLAB provides well-developed environment for validation and verification of 

models. For example, CHECKMATE is a MATLAB-base tool for simulation and 

verification of hybrid systems with non-linear continuous dynamics, under Simulink 

environment [49]. A language called Hybrid System Modelling Language (HSML) is 

created specifically for modelling hybrid systems. It is able to construct state events 

and discrete time modules in MATLAB and SIMULINK [50, 51]. In [51], it is 

indicated that HSML is particularly useful for time- and state-event handling (see 

Figure 10 for sample simulation results).  

 

Figure 10. Sample simulation results from MATLAB and SIMULINK [50]. 
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2.3.2 Other modelling environments 

There are also other popular modelling and simulation tools such as LABVIEW [23] 

and SCADE [52]. These tools all follow a module or block-diagram based modelling 

approach in designing control systems.  

Also there is another emerging design concept called the Cyber Physical System 

(CPS) [53].  A CPS is a class of system where there is a tight coupling and 

coordination between the physical and computational elements. Thus the physical 

processes of the system are monitored and controlled by their corresponding 

computational processes.  While this in essence is a form of distributed system, the 

abstractions available in modern computing and software engineering require 

significant advancement before they allow for full description of a CPS.  In a typical 

distributed system the concurrency between physical processes is intrinsic. However, 

currently there is a definite bottleneck due to the incapability of modelling these 

processes in software. This concept has been demonstrated in some modelling 

environment developed, such as Ptolemy II. It is a JAVA-based software framework 

developed (with graphical user interface called Vergil) which can model and simulate 

hybrid systems [32]. Here, a hybrid system can be modelled by finite state machine 

(FSM) with continuous time (CT) models, shown in Figure 11. Ptolemy II is very 

similar to Simulink where it is also a graphical tool and can build system models by 

using a network of block-diagram representation (see Figure 12).  
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Figure 11. A hybrid system modelled with FMS and CT. 

 

 

Figure 12. An example user interface of Ptolemy II. 
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2.3.3 Simulation and Validation environment for Hybrid Systems 

In general, a system in process industry is not purely discrete or purely continuous. A 

system may contain discrete operations (such as sequences of valves openings along a 

pipeline) as well as continuous control of flows or of some chemical reactions. Such 

systems are also known as “hybrid” [54]. In process industries, a batch processing is 

one example of such a system (Figure 13).  

 

Figure 13. Hybrid Systems with different degree of continuous flow [1]. 

 

The process in the batch process reactor (Figure 14), for example, can be described by 

both continuous variables (temperature, etc.) and discrete variables (switches s1 and 

s2) Batch processing was introduced first in the production of high value, low volume 

products, such as pharmaceutical, cosmetics and perfume products, and spread 

gradually to the food processing and other industries. Modelling, verification and 

validation of systems with hybrid, i.e. continuous and discrete dynamics, executing 

intelligent control algorithms in decentralised nodes, are highly sophisticated. A big 

challenge will be incurred when introducing truly distributed control approach into 

such process control systems. 
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Figure 14. Batch Process Reactor and its hybrid model [55]. 

 

It can be concluded that distributed control systems in process industry are usually 

modelled as hybrid systems [3]. In other words, when considering validation 

techniques of distributed systems, hybrid verification and hybrid simulation are most 

appropriate.  

There are also some other standalone (academic) software tools being developed to 

handle simulation and verification of different types of hybrid systems, such as: 
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HyTech [56] (which uses symbolic model checking techniques in continuous state 

space to verify systems modelled with linear hybrid automata (LHA)) and VERDICT 

[57] (which provides an environment for modular modelling and simulation for timed 

and hybrid systems). However, these tools will not be considered at this stage, since 

the considered approach here is dealing with Function Blocks and large-scaled 

industrial acceptable tools. 

2.3.4 Simulation Works with Modular Approach 

The work [58] presents an industrial case study of a distributed continuous process 

simulation of a beet sugar factory. This simulation work is done by using distributed 

component object model (DCOM) components written with a modelling language 

called “EcosimPro.” DCOM is the Microsoft solution for a component software bus. 

The work [59] also presents an object-oriented framework for process simulation. 

These modular approaches match exactly with the idea of modular concept of 

software design in Function Blocks. 

2.3.5 Common Problems and Challenges 

According to what has been described above, there is still no single validation tool 

that is able to handle and provide both simulation and verification of distributed 

control systems. It would be a benefit if a software package can contain pre-set 

models specifically for process control (i.e. models for pipe-line, valve etc). The tools 

handling hybrid systems only work with their own modelling language and are not yet 

combined for implementation purpose to the real system. Therefore, a challenge here 

is to find a path of integrating models for hybrid validation with programming codes 

for deployment purpose, for distributed systems. This idea is also suggested in [60]. 

Also evaluation of including validation in design flow of a complicated distributed 
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system is required to prove that such approach can benefit the industry from the 

perspectives of saving time and cost, while meeting the demand for flexibility and 

reconfigurability. 

Most of the tools described above can handle hybrid systems, but they are not 

intended to deal with systems with decentralised intelligence. This brings an 

opportunity for Function Blocks, since the IEC61499 standard and Function Blocks 

are established specifically to handle decentralised design with direct deployment 

functionality.  

2.4. IEC61499 Function Block Development Status 

This section describes some design environments and design approaches developed 

for IEC61499 Function Blocks. Over the years, several development tools and 

systems complying with IEC 61499 were already presented to and even introduced 

into the market. These tools include: 

 Function Block Development Kit (FBDK) [61] 

 4Diac [62] 

 ISaGRAF tool [63] 

 nxtStudio from nxtControl [64] 

 FBench [65] 

 Synchronous Compiler [66] 

 Cyclic run-time [67] 
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FBDK is one of the earliest well-developed tools for Function Block development. 

Even though it is considered mainly as an academic tool, it is capable for 

demonstrating various benefits of Function Blocks in practice, such as distributed 

architecture and direct deployment. The tool is Java-based and relies on a Java-based 

run-time called Function Block Run Time (FBRT) in execution. 

4Diac is another pioneer tool in Function Block development where not only FBRT 

can be used but it also complies with a C-based run-time called FORTE. Both FBRT 

and FORTE can be used concurrently in this tool.  

ISaGRAF [63] is another company that is developing Function Block tools based on 

IEC61499 standard. However, they have their own specification about Function Block 

model. Because the interface of their tools inherits from the IEC61131-3 [68] PLC 

programming environment, it is considered not fully compliant to IEC61499 at this 

stage. 

nxtStudio is a tool developed by nxtControl [64]. The tool uses a customized FORTE 

run-time. The tool introduces a CAD concept where Function Blocks can be linked 

with a visualisation entity for visualised simulation purpose, by directly following the 

Model-View-Control (MVC) concept. 

FBench is another academic tool, developed by the author’s research group. The main 

usage of this tool is to create plug-ins that helps in Function Block development. 

Synchronous compiler compiles Function Blocks into C code. This compiler is based 

on the Synchronous execution model [66] and is proven to be very efficient in terms 

of the target code performance [69]. It can be very useful in the context of distributed 

control where the model can sometimes be big in size and resource consuming in 
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simulation. Such models can be transformed to the open IEC 61499 form and to be 

run efficiently on distributed or centralized platforms.  

The author’s research group is also developing a cyclic execution Function Block 

run-time [67]. This cyclic nature of execution immediately eliminates the stack 

overflow problem with FBDK. This is executed under FBench, which is a Function 

Block development tool also developed by our department [65]. 

2.4.1 Comparison with IEC61131-3 

IEC61499 may be considered as the successor of the IEC61131-3 [68] standard. 

IEC61499 is an open standard aimed at supplementing IEC61131-3, adding modern 

design features and hardware abstraction. However, an immediate replacement of the 

existing systems seems unreasonable, because of the large amount of installed 

IEC61131-3 systems and large engineering investments undertaken by the users in the 

last years. It is possible to implement IEC61131-3 in distributed systems, but some 

limitations and special requirements exist. These include long engineering time to 

work out the ownership of the output modules and heavily increased communication 

overhead time between PLCs for data exchange over field bus etc. 

Other advantages of IEC61499 over IEC61131-3 PLC include: 

 In PLCs the CPU runs at 100% utilisation compared to IEC 61499 FBs where 

the CPU utilisation only depends on events to trigger algorithm execution. 

Thus it may be possible to have a smaller CPU for the same task. However, 

this may also be argued against, as in event triggered implementations it is still 

required to be able to react to the worst case scenario, which PLCs are already 

typically designed for as the scan cycle time would typically be able to handle 

the maximum number of changing inputs at any time. 
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 Performance may be able to be improved if tasks are able to be dynamically 

allocated to varying controllers. This may also be for redundancy, for example 

if one PLC fails then the tasks that the PLC runs may be able to be handled on 

another PLC. 

 Even if the program is logically distributed, it still gives the same benefits in 

the case of an I/O module failure. 

 FBs help to aid the design process in distributed way. Distributed design might 

be more reliable in the case of a network node failure. 

 Mapping of code to different devices is done automatically rather than 

handshaking done explicitly done by the programmer. 

 Application logic may be designed initially and then the mapping to different 

devices can be done during deployment. This provides platform independence 

as different controllers may be selected at the end of development to deploy to. 

In the case of typical PLC development, knowing the exact layout of PLCs 

and connected I/Os is mandatory at the beginning of development. 

 Maintainability of IEC61499 may be easier as it is represented in a graphical 

form with a visual interface. However, in an example of PLC code generators, 

the code generator could also potentially be represented in a visual way. 

 Global variables in PLCs made design of the system difficult when there is 

parallel design of the system by multiple developers. In some cases, this may 

be an advantage as some programs may be significantly easier to design when 

global variables are allowed. 
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 The generation of the HMI is simple (Particularly in the case of nxtControl 

[64]), although this is not universally true for all IEC61499 IDEs. This is 

another potential for the IEC61499 standard where it becomes more focused 

on top-level design and the entire design process. 

Potential disadvantages of IEC61499 over IEC61131-3 are: 

 Possible non-deterministic execution: Event triggered invocation of function 

blocks may lead to non-determinism.  

 Performance:  Implementation of event-driven scheduling may bring 

overheads that slow down the execution 

The proposed methods (discussed in detail in later chapters) in this thesis help to 

mitigate these potential problems of IEC61499 in the following ways: 

 Verification and validation environment reveals potential non-determinism of 

the controller. 

 With timing in co-modelling approach, the impact of the Function Blocks 

timing issue can be observed. In other words, the performance related issues 

with event-driven scheduling can be identified if it seriously affects the 

outcomes of the control design. 

2.4.2 Solution for improving industrial acceptance 

As discussed above, the IEC61499 standard brings significant advantages for many 

applications. But at this stage, there may be only a little demand for a completely 

different design approach. Therefore there is some consideration on how to migrate 

existing code using IEC61131 technologies into the newer IEC61499 language for 
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future development. IEC61499 allows using the programming languages of 

IEC61131-3 for implementing algorithms, but this is by far not enough to convince 

users to adopt the new technology. And only until the control engineers can 

distinguish the advantages and disadvantages of both IEC61131-3 and 61499, then 

they can apply the best suited technology to their problems. Many migration paths 

have been considered and are under investigation, such as works in [70-73]. At the 

moment, IEC 61131-3 is undergoing a revision as well for its third edition. New 

concepts are introduced into the programming languages and IEC61131-3 itself, such 

as object orientation, or interoperability features. Even approach with combination 

usage of IEC61131-3 and IEC61499 has been considered [74]. All these approaches 

aim to improve the industrial acceptance to IEC61499. However, as long as both 

universities and companies mainly teach IEC 61131 (or comparable models) alone, a 

transition to IEC61499 still seems unreachable. 

On the other hand, some researchers start exploring the benefits that the Function 

Block approach can introduce not only in discrete manufacturing systems but also in 

the process industry. For example in [4], specific distributed process control 

programming tools for Function Block description were developed, and the problems 

occurring when introducing this new standard into the process control domain were 

investigated. As a starting point, researchers integrated models to a lab-scale model of 

batch process such as the FESTO MMP (Mini Pulp Process), shown in Figure 15. The 

example shown in Chapter 1 (Figure 1) also presents a simple example of distributed 

implementation to the FESTO process station, where each circle area can be 

considered as a subsystem (Tank1, Tank2 and Pump) with its own controller. 
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Figure 15. FESTO MMP. 

 

From the results, the authors of [4] are seeking a migration path to this recently 

developed standard for the distributed batch process industry. In [75], an attempt to 

exploit the IEC61499 model in the batch process is described. Here, a hybrid 

approach of integration IEC61499 with UML is explored to address the current trends 

in software engineering such as component based and model driven development 

[76]. This approach aims to transform and reduce switching cost from the ISA SP88 

[77], an industrially accepted family of standards in batch control, to IEC61499.  

Also, the work [15] has specifically exploited the possible migration path to 

IEC61499 standard for the distributed process industry by considering switching cost. 

It stated that the adoption of this new standard is only possible if the perceived 
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switching cost is less than the perceived benefits. From their previous experiments 

with professionals, the switching cost is very high due to the bewildering range of 

design decisions. Therefore direct adoption in the context of IEC61499 cannot be 

applied successfully. Their proposed solution is to use SP88 standard as a 

specification and set up formal rules or general guidelines to construct corresponding 

IEC61499 blocks [12, 15]. It is also suggested the component based approach for the 

batch process industry presented in [78] may ease the adoption. Even though 

switching cost is highly reduced as a result, this approach introduces retraining cost. 

Therefore improving the industrial acceptance of IEC61499 in process industry still 

remains as a challenge. 

2.4.3 MVC Implementation 

In our approach, the internal architecture of the components in the knowledge 

repository follows the object-oriented Model-View-Control (MVC) design pattern 

[79], adapted by Christensen in [20] to the domain of industrial automation and 

integrated with the IEC 61499 standard architecture. According to the MVC pattern as 

indicated in Figure 16, the core part of the IMC software is organized from two 

interconnected components: 

 Autonomous (low-level) Controller, which implements a set of operations, 

published as  services to be used by directly or by higher level 

controller-coordinator, and 

 Object, which provides an interface to the input/output signals of the IMC, or to 

one of the behavioural Models included in its IP repository.  
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Figure 16. MVC design pattern architecture [60]. 

 

The behavioural Models, provided in the IP repository, can be used for verification of 

the standalone IMC’s behaviour, or as building blocks for creating the behavioural 

model of the whole system. Identical interface makes the Model component 

interchangeable with the Object component , thus providing an easy pathway from 

simulation to deployment. The combination of these two functions enables simulation 

of the system in closed loop with the actual, ready for deployment control code 

Moreover, the simulation model is obtained with a high degree of components’ re-use. 

Additionally, the View component supports interactive simulation by rendering the 

system’s status based on the parameters provided by the Model. It also can be re-used 

in different deployment scenarios. Being connected to the real object instead of the 

model, the View component will render the object’s status in real time. Other 

functions, such as Diagnostics and Database Logger are also fed by the data from the 
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Object or the Model. In contrast, the Human-Machine Interface (HMI) component is 

connected in the closed-loop with the controller. 

The MVC pattern allows precise closed-loop simulation and formal verification of 

complex mechatronic systems by re-using models of their constituent parts as seen in 

Figure 17 for our illustrative example. Models and controllers of two mechatronic 

components are taken from their IP repositories and connected one with another in 

closed-loop. Models of different IMCs are connected with each other, via 

standardized interfaces, when such a connection is imposed by the system’s structure.  

 

Figure 17. Component design of a manufacturing system from the mechatronic 

component [60]. 

 

MVC concept gives module-based Function Block an advantage over the traditional 

controller design with coding, allowing easy creation of visualisation elements. There 

has already been some development works done by using the Model View Control 

(MVC) concept described in Chapter 1. This concept has been demonstrated the 

earliest in FBDK where some Function Blocks are created for visualisation purpose. 
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A framework is proposed where MVC classes are represented by IEC61499 Function 

Block types. The class hierarchy of elements in this framework has its root in the 

FBInstance class defined in IEC 61499-1, as shown in Figure 18.  

 

Figure 18. UML class diagram of MVC class hierarchy represented in FB types 

[61]. 

 

Various examples have been demonstrated with Human Machine Interface (HMI) and 

visualised simulation, including a single tank process control system (Figure 19) and a 

sorting station (Figure 20). The single tank process control system uses a PID 

controller to maintain the water level in the water tank at a specified point (SP value). 

The valve position can be adjusted to maintain a constant level of the water in the tank 

in the face of varying demands by the pump at the tank outlet. 

 

Figure 19. MVC example of a single tank process control system [61]. 
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The sorting station is a small conveyor system, representing a simple assembly 

process. On the top of Figure 20, the actual system is shown, and the visualisation and 

HMI display is shown at the bottom. 

 

Figure 20. MVC example of a sorting machine with HMI and visualisation [61]. 
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Various simulations of baggage handling system (BHS) have been implemented in the 

author’s research group. This include a simulation using Python code for real-time 

tracking based on time prediction (see Figure 21) [21] and also using ISaGRAF tool 

with OPC server (see Figure 22) [80]. Both the examples shown here are the 

representations of small BHSs in airport. 

 

Figure 21. Layout of a small airport BHS and Test “two closely packed bags” 

visualised on the rendering application [21]. 

 

Figure 22. Visualisation with ISaGRAF implementation with OPC server [80]. 
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The nxtControl company has also demonstrated some visualised simulation examples 

with the development of their IEC61499 compliant development tool called nxtStudio 

[64]. They implement the view component by using a CAD concept where a FB 

model is linked with a visualised element. Figure 23 shows one of the examples, 

where a tank control systems is visualised with HMI display indicating all the 

temperature readings and settings. 

 

Figure 23. nxtControl visualisation of a water tank system [64]. 

 

2.4.4 Solution for complexity issue with Verification and Validation 

The term “verification and validation” corresponds to the process of checking whether 

a system complies with specifications. Model-checking [60] and simulation are both 

verification techniques. Simulation specifically looks at a system’s correctness for one 

specific case (i.e. with a fixed set of input variables). Formal verification via 
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model-checking provides evidence to prove a system’s correctness for all cases. Both 

verification and simulation can take an important role in design flow of a distributed 

system, especially with high degree of system complexity. Particularly with the tool 

chain and the design flow suggested in [60], because of the benefit (the software 

re-usability with encapsulated models and programming codes for validation and 

deployment purpose) from modular design (i.e. IEC61499 Function Block), 

simulation and validation can be implemented in parallel within the system design 

flow to check the system’s correctness. If there is any issue of violating specifications, 

a change made immediately to the system validation model also corresponds to a 

change in the codes for deployment. Once the validation is the completed, the 

software program is also ready to deploy into the real system. 

Computer simulation is widely used for prototyping automated manufacturing 

systems and, less often, for verifying actual controller code. However, the 

simulation-based debugging techniques cannot reveal all potential pitfalls of control 

logic. Complementary techniques of mathematical proof of correctness (known as 

formal verification [81]) are being actively researched, such as model-checking 

[82-84]. Model-checking can be used to analyse the embedded control part, including 

the control logic and some details of the underlying run-time platform or the entire 

closed-loop plant and controller system. 

There are numerous works on verification and validation of IEC 61499 based systems, 

which can be classified in three categories: simulation, formal verification and 

specification compliance. The use of simulation in FB IDE was demonstrated in 

(Christensen, 2000). The specification compliance at an abstract level before actual 

design and implementation can be done by bridging function blocks with UML or 

SysML, e.g. [10, 20, 76, 85-87]. The formal verification of function blocks is done 
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through their modelling in various formal languages, such as NCES, Timed automata, 

State charts, etc. which can be verified using model-checkers such as SESA, ViVe, 

SMV, [88-92].  

The missing part in the Function Block implementation is a well-developed design 

environment with validation and verification. At the current stage of development, 

Net Condition Event System (NCES) [93] is one of the candidates for verification of 

Function Blocks. The procedure is to transform the Function Block models into 

NCES model and then to verify it by using NCES model-checking tool [88]. For 

validation, visualisation simulation can be created as described previously with MVC 

concept. However, all these are still under development and investigation, and the 

development heavily depends on the industrial support again. However, the industry 

on the other hand would like to see certain progress in the development and want to 

see examples of Function Block implementation. So as a starting point, this raises the 

idea of bridging the link to popular tools such as MATLAB where proper validation 

and verification can already be performed. If a verified model can be linked with or 

transformed into Function Block environment, this makes Function Blocks 

immediately applicable in the design process. This means Function Block design can 

be implemented with existing models in other platform (such as MATLAB Simulink). 

This may immediately show benefits by saving time and cost for re-developing the 

model for validation and verification purpose, while implementing truly distributed 

control. 

2.4.5 Intelligent Mechatronic Components (IMC) Framework 

The Intelligent Mechatronics Component (IMC) framework was proposed in [16] 

with a goal to increase the level of abstraction even higher, to allow the developer 
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thinking in terms of machines or their autonomous parts. This concept uses IEC 

61499 for representing features of the IMCs, such as control, model, view, etc. 

Therefore distributed controller and simulation model can be automatically generated 

for a system composed of independent modules in a drag-and-drop design 

environment. The system can be simulated in closed-loop with the embedded models 

of plant, then formal verification can be applied, and, finally, distributed controllers 

will be directly deployed to decentralised hardware. IMCs are structured according to 

the Model-View-Control (MVC) concept [79], adapted in [20] to the domain of 

industrial automation and integrated with the IEC 61499 standard architecture. 

However, to benefit from the IMC concept, the user needs a library of components 

where models and controllers are included by their vendors. Otherwise, developing 

models of components by the end-users from scratch is a time-consuming and costly 

process. This motivates the need of the transformation software that would transform 

models from existing modelling environments, such as MATLAB Simulink, to 

Function Block models. The IMC software environment will integrate several other 

tools for modelling, simulation and formal verification together, aiming to help the 

end-users to design a control system in a faster and more accurate way.  

The IMC framework relies on the existence of closed-loop models within each 

component, and creates the entire system model as the set of communicating local 

closed-loops. Closed-loop modelling and simulation is standard in control 

engineering. In several recent papers [17-19, 94], this concept has been also brought 

into the formal verification. In IMC-based engineering formal verification and 

simulation are tightly intertwined, therefore the closed-loop modelling is adopted 

throughout the framework.  
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The Intelligent Mechatronic Components (IMC) framework is proposed as a new 

approach to designing systems based on IEC61499 Function Blocks [60]. The 

ultimate goal of this framework is to link all relevant tools together in a complete 

environment for designing distributed systems based on Function Blocks, including 

tools for modelling, controller design, visualisation, validation and verification.  

The current embedded system design usually faces challenges to ensure the 

robustness and correctness of the resulting systems [95]. The lack of a holistic 

approach to integrate hardware and software design and control theories makes the 

design, validation and maintenance processes costly and unreliable. Similar 

challenges have been faced in the industrial automation domain [94], as industrial 

automation system can be considered as a combination of various embedded control 

systems design for manufacturing applications. The design process focuses on 

programmatic implementation of control logic, which leads to the correct behaviours 

of the controlled manufacturing systems based on design specification. However, for 

complex systems, this “correct behaviour” cannot be achieved without some 

computer-aided validation and verification (V&V). Verification and validation 

usually includes debugging and testing of the program code by applying some 

simulation techniques. The validation and verification framework aims to address the 

issue of model development and reuse to cater for the closed-loop verification and 

validation techniques in industrial automation domain.  

The proposed model-integrated design framework follows the object-oriented design 

principles based on using intelligent mechatronic components (IMC) for design of 

automated manufacturing machines and systems [96-98]. This framework facilitates 

the closed-loop validation and verification of complex decentralised control systems 

by supporting simulation, formal-verification and code deployment. In terms of 
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implementation, this can be extended from existing engineering support software 

tools, or as a foundation of new toolsets, by combining system design with the 

closed-loop validation and verification capability. The concept of IMC is where 

vendors (of devices, machines or “components”) provide not just the controller 

program code but also the model of the components. The component models are 

capable of communicating and exchanging data with one another. This allows end 

users to immediately establish a model of the system (built from the collection of such 

intelligent components) for validation and verification purpose. 

Based on this proposed framework, an overview of the design flow is presented in 

Figure 24 and is explained as follows. Here it is assuming that the design is 

computer-aided and facilitated by a software toolset (not necessarily fully automatic). 

In the first design step, a tool similar to the usual computer-aided design (CAD) tools 

will facilitate capturing the system’s concept (item 1 in Figure 24). Based on the 

concept, the users can drag-and-drop IMCs from a library (item 2) and placing them 

into the design space (item 3). It is also assumed that IMCs are provided by their 

vendors along with a repository of software components and models (further referred 

to as repository of the IMC intellectual property (IP) or IP repository), such as 

embedded control implementation for its control operations, rendering components 

visualizing the operations, and modelling components for simulation and verification. 

With the standardized interfaces and common protocols for inter-component 

communication, it will be possible to integrate IMCs one with another seamlessly in a 

plug-and-play way. The result of the integration is the overall system model (item 4) 

consisting of a set of interconnected component models and integration models (e.g. 

protocols). This overall system model supports direct deployment to distributed 

systems (item 5). It also enables closed-loop simulation (item 6) and formal 
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verification (item 7) using the corresponding software tools. Thus, the executable 

high-level specification of the system’s controller will be assembled from the 

constituent embedded controllers possibly with some central controller-coordinator. 

The tool will facilitate mapping of the executable specification of the system’s 

software onto a particular configuration of distributed networking hardware (item 8). 

Models for different verification and use activities (e.g. simulation, model-checking, 

execution) can be translated one to another, which is achieved by using common 

structure and interfaces in all model types. Verification will check whether the 

integration process has resulted in the desired behaviour of the entire system.  

 

Figure 24. Sketch of the engineering framework supporting the integrated 

validation [60]. 
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A system called “Workpiece Distribution Station” (referred as WDS later in the text) 

is used to illustrate the IMC concept, as shown in Figure 25. The system consists of 

three mechatronic components: a Storage unit, a Transfer unit, and a control Panel 

with buttons. The Storage unit is composed from two parts: a Magazine storing a pile 

of workpieces and a Feeder shifting the lowest workpiece in the pile to the output 

position. The Magazine is equipped with a sensor that detects the presence of 

workpieces in the pile. The Feeder has two end position sensors: one for the retracted 

position and the other for the extended position of the cylinder. The Transfer unit 

grasps a workpiece at the output position of the Storage using its vacuum suction and 

carries it to the subsequent station. In our experiments two types of Transfer units 

with slightly different parameters are used. The first Transfer unit (L-Transfer) uses a 

stepper motor to drive the arm at a constant speed. The second Transfer unit 

(NL-Transfer) is driven by a DC motor whose speed changes continuously at the 

start-up and slow-down phrases.  

One particular design scenario of the WDS system is demonstrated in Figure 25. The 

WDS has a fixed structure, of a Transfer unit picking up workpieces from the Storage 

and dropping them to some transportation system on the other side. There is a variety 

of available IMCs, each of which can be inserted into the system. However, the 

requirements of the system’s behaviour do not change with the replacement of any 

mechatronic component. Their validity needs to be verified for each new 

configuration. The requirements can include safety conditions, liveness (lack of 

deadlocks), functional correctness, and so on. 
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Figure 25. Workpiece Distribution Station design scenario: fixed system 

structure with replaceable components [60]. 

 

As a result, the model of the system’s behaviour can be designed with 100% re-use of 

the component models. The controllers enclosed in the knowledge repositories are 

intended to be re-used to the maximum extent, but some changes may be inevitable. 

The controller-coordinator in many cases will be required, although it can be avoided 

in some cases where each IMC has autonomous behaviour with loose dependence on 

the surrounding IMCs. In such cases, the IMCs’ coordination can be purely 

interlock-based as proposed in [13]. The resulting system model can be used in the 

corresponding V&V activity. Finally, the controller and the model of the whole 

system can be included into the system’s IP repository. 

2.5. Summary 

This chapter summarized various approaches for distributed control design. But so far 

none are able to directly solve the issue resulting from the complexity in design 

process of distributed systems and to deal with the problems addressed in this chapter. 

Even though there are several such approaches and modelling environments exist, 
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Function Blocks still shines with its significant advantages in the distributed design. 

Several researches have been conducted in improving Function Block’s industrial 

acceptance. The examination of the current state of the art in IEC61499 development 

in automation research shows a lack of simulation environment for developers to 

propagate and enhance development based on Function Blocks. A brief comparison of 

the proposed solutions with existing approaches is presented that highlights the 

significance of these new methods and how this new approach is placing itself in the 

whole Function Block development. 
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3 
Chapter 3. Proposed Design and Validation Environment 

 

This chapter highlights the proposed design and validation environment for design 

based on IEC61499 Function Blocks. The aim is to use this environment to aid in the 

design process and solve some challenges described in the previous chapter. Section 

3.1 describes an overview of the design framework and discusses its relevance to the 

current research direction and application field. Section 3.2 presents the proposed 

integration of design tools and simulation environments, and shows that this work 

focuses on the validation part of the framework. Section 3.3 and Section 3.4 discusses 

the usability of MATLAB Simulink and available Function Block tools in this 

integrated simulation environment. Finally, Section 3.5 presents the two engineering 

approaches that provide the usability aspects of the simulation environment. 
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3.1. Design and Validation Environment 

The proposed design and validation environment inherits from the IMC framework 

mentioned in the previous chapter, following the MVC concept. The aim is to create a 

simulation-based environment as one part of the entire framework. Based on the 

assumption that in the future such a framework is established and there are tools 

supporting drag-and-drop component-based modelling tools, an integrated software 

environment with simulation, verification and Function Block development tools must 

be established to complete the design flow. Such an integrated software environment 

will enhance design efficiency and help to ensure the correctness of the system design. 

The design framework does not only apply to systems based on mechatronics but also 

other automation control systems such as process control systems.  

This design framework is shown in Figure 26. Intelligent devices, such as valves, 

motors and pumps, can be equipped with their own hardware which runs specific 

control algorithms, as well as communication and diagnostic functions. Machines, 

such as reactors and boilers etc., which may include other intelligent devices, 

implement functions by means of corresponding software components. Intelligent 

systems can be built from intelligent machines, thereby encapsulating their respective 

properties. The added functionality of the machine is defined by software 

components, which interact with the corresponding software components embedded 

into the constituent machines. Advanced intelligent batch systems are capable of 

understanding product recipes and translating them into sequential controller which 

operates with basic functions of the constituent machines, specifying interconnections 

and parameters of the encapsulated software components. Implementation of this 

vision leads to the process control with essentially decentralized logic. It is possible to 

implement this concept with traditional Programmable Logic Controller (PLC) and 
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Local Area Network (LAN). However, researchers face various difficulties in 

software development for distributed systems in the traditional way. One of these is 

that controllers in a distributed system may come from different vendors. This 

complicates the process of creating interaction between different controllers. Besides, 

scenarios of intelligent component creation and application would certainly differ 

between manufacturing and process technology domains. While in the process 

technologies certain machines can be built in a very similar way of including other 

intelligent components (say a reactor may be delivered with some internal pipelines 

and intelligent valves), the reconfiguration rarely would be done by re-shuffling of the 

machines or re-piping them. In multi-purpose plants based on the batch-processing 

principle, reconfiguration is also done purely on the level of “intelligence” – physical 

reconfiguration of the equipment is not necessary.  

 

Figure 26. Range of intelligent components in process industries [3]. 
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3.2. Integrated Simulation Environment 

This research focuses on the design, modelling and simulation part of the validation 

and verification framework. Computer-aided validation and verification of automation 

systems requires models of devices. Building these from scratch for every single 

device is very effort-consuming and thus is not practical. A structural model 

composition approach is crucial. This approach does not just use modular structure 

but also reflects the hierarchical structure of manufacturing machines and systems. 

Even though computer simulation sometimes cannot reveal as many design pitfalls as 

formal verification, it is still one of the easier and “cheaper” ways of primarily 

checking the correctness of the design. Traditionally, the research effort on improving 

the efficiency of embedded automation systems design concentrated on programming 

technologies, like controller design patterns, refinement of high-level specifications to 

executable code, and validation of embedded controllers, regarding them as yet 

another embedded computer application. As a result, there is no design framework 

which can efficiently support model development, use and re-use as a consistent part 

of the automation software development cycle.  

With this simulation environment, this work aims to propose: 

1) A new architecture and design flow of automation systems that can accommodate 

dynamic models of control systems.  

2) A systematic approach of modeling and performing simulation 

3) A closed-loop validation environment for IEC61499 Function Blocks. 

Figure 27 shows a generic control design flow involved in this framework, using a 

process system as an example. After understanding the system behaviour and 
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specification in step A and constructing the system configuration in step B, step C is 

where the integrated software environment comes into play. There are different 

scenarios here. One scenario is when in fact the intelligent component development 

environment is completed so that the models of the entire system can be generated 

from the configuration from step B. These models can be executed in simulation tools 

such as Simulink, verification tools such as NCES or Function Block tools such as 

FBDK (step C and D). These models can either be inter-transformable between each 

other or can communicate with each other through some communication channels. 

These models include models for both plant and controllers provided by the vendors. 

In step D, further design and development of controllers can be implemented. Having 

such models, simulation and validation can be performed accordingly to help in the 

controller design. If any changes in the specification take place, the design flow 

returns back to step A again. 

 

Figure 27. Design flow with the integrated software environment. 
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As mentioned previously, IEC61499 Function Block design has faced the complexity 

issues from its distributed architecture in the design process. Therefore, a validation 

environment for its design based on complex distributed configuration is essential. 

This is essential for further development in IEC61499 Function Blocks. The 

closed-loop plant-controller modelling implies the need for systematic development 

of plant models in function blocks. Function Blocks are great for designing controllers 

based on distributed architecture with its direct deployment capability. However, it is 

still waiting for a better software environment for design and modelling. This process 

is complex and resource consuming, but this problem can be solved by re-using 

models developed through some established modelling frameworks, or interface such 

frameworks from the “IEC 61499 world”. 

The proposed solution towards this complexity issue is by bridging Function Block 

model design with industrially acceptable software tools such as MATLAB Simulink 

or LABVIEW. These tools are powerful tools for modelling and simulation, and are 

well-known by a majority of researchers and industrial engineers in control system 

domain. The link between two software tools may potentially increase the industrial 

recognition of the IEC61499 standard. This concept can be fulfilled by going through 

communication channel for direct data exchange (such as UDP or TCP sockets) 

between the tools, or a complete model transformation.  

3.3. MATLAB Simulink 

MATLAB Simulink is chosen as the target simulation tool in the environment 

because many control system engineers are familiar with this tool. It is a powerful 

tool which contains modelling, validation, verification and analysis packages, and 

these packages are all well recognized by industry. However, this does not restrict any 
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use of other simulation and validation tools in the future. This research aims for proof 

of concept purpose and to provide a user-friendly design environment for IEC61499 

Function Block system developers. Also it may potentially increase the industrial 

acceptance of IEC61499 because of the high popularity of MATLAB tools. 

MATLAB Simulink follows a block-diagram modelling approach which is very 

similar to the modular design approach of Function Blocks. Therefore it is suitable 

and can be easily understood by developers from both domains. 

3.4. Function Block Tools 

At the current status of development, even though the IEC61499 standard has set 

specification on how Function Block should be executed, it does not restrict the 

programming language or architecture to be used. This resulted in various 

development tools, not having common semantics for models and execution of 

Function Blocks. Ideally, if model transformation approach is implemented, the 

transformed Function Block models must be executed under different Function Block 

development platforms. Because there are still no unified development platform and 

all the development of Function Block tools are all still in progress, fully automatic 

model transformation for all platforms cannot be supported. However, it is believed 

that semi-automatic approach is acceptable at this stage of development for this 

research. This means the transformed models can be possibly executed on different 

platforms after some slight modification. 

There are known semantic ambiguities in the Function Block standard allowing for 

sequential, cyclic and parallel execution models [99], although most of the 

ambiguities will be eliminated in the second edition [100]. One may expect that 

semantic ambiguities would hinder the portability of the model transformation results. 



 

72 
 

This problem has been partially addressed in this work by developing a special cyclic 

execution pattern of the target FB model whose behaviour will be invariant in all 

known semantic models. However, the interface between the automatically generated 

model (of a known structure) and the rest of manually created controller (of an 

arbitrary structure) may be specific for each execution model. Under assumption of a 

particular FB execution semantics, the FB standard can be considered as an 

executable specification for distributed control systems enabling system-level design 

of controllers for distributed systems with capability of direct deployment, while 

modelling tools such as MATLAB Simulink are good for simulation and analysis of 

control systems. 

In order to demonstrate the software validation environment, FBDK and 4Diac tools 

are chosen to be the target Function Block development tools in this research. These 

two tools are the most-known tools in the Function Block domain. FBDK is the 

leading tools for Function Block development in the academic research and is the first 

mature development tool that enables execution, testing and deployment with its 

Java-based FBRT run time. 4Diac is a well-known industrial tool for its C-based run 

time, FORTE. And these two tools are available since the start of this research. There 

are also other development tools available, such as ISaGRAF and nxtControl. 

ISaGRAF tool is neglected at this stage because it is still not fully compliant to the 

standard and it does not share same model description as other Function Block tools 

yet. nxtControl has only introduced a stable version in the final year of this research 

and further investigation and development is still required for this tool.  
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3.5. Two Approaches 

As mentioned previously, the software validation environment can be achieved by 

two approaches: the model transformation approach or the co-modelling approach.  

The model transformation approach focuses on a complete transformation of models 

from MATLAB Simulink to Function Blocks domain. This brings benefits of working 

both plant and controller under same platform, which reduces resources requirement. 

This method re-uses existing models already developed in Simulink, and it saves time 

and cost from moving towards Function Block implementation. Function Blocks 

environment provides direct deployment. From the controller design perspective, the 

end-users who have been using Simulink for modelling and simulation can easily 

transform their original works into executable designs and test them in physical 

hardware, especially for decentralized configuration. From the closed-loop modelling 

perspective, transformation of plant models does not only establish a closed-loop 

simulation model for controller design, but also can become part of the controller 

design for any model-based control approach such as predictive control. 

The co-modelling approach consists in the use of both a Function Block tool and a 

simulation tool that supports simulation functionality that the Function Block domain 

lacks at the moment (which is Simulink in this case). This approach provides a 

straightforward closed-loop setup for testing distributed controller design (in Function 

Blocks) with existing plant models in Simulink. This approach just requires a 

synchronized, stable and secure communication channel and a commonly established 

protocol to exchange data information between the models in two domains. 

The details of these two approaches are discussed in the following two chapters. 
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3.6. Summary 

A new engineering design and validation environment is proposed, based on the 

previously proposed IMC framework. The proposed design procedure mainly can be 

categorized into two approaches, which links IEC61499 Function Block with 

MATLAB Simulink in the design process. The two approaches are the model 

transformation approach and the co-modelling approach. Both approaches provide a 

systematic approach in design based on Function Blocks and aim to assist in 

modelling and validating such systems. 
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4 
Chapter 4. Model Transformation Approach 

 

This chapter describes in detail how the model transformation approach is 

implemented. Initially the concept of the model transformation implementation is 

discussed and following this, the study and formulation on the nature of execution of 

the two models and the theoretical proof of the model equivalence after 

transformation are preesnted. All these are important aspects before practically 

implementing the model transformation software tool. 

There are a number of questions to consider when implementing the model 

transformation: 

 How do the two modelling environments work? (Section 4.1) 
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 What parameters of the models should be considered in the transformation? 

(Section 4.2) 

 How does the model transformation work? (Section 4.3) 

 How shall the nature of the model execution be preserved? (Section 4.4) 

4.1. How do the two modelling environments work? 

The transformation must be done in a way that preserves structural properties of the 

original model. Taking a closed-loop system for example (see Figure 28), the 

behaviour or the output of the plant must remain the same in both Simulink and 

Function Block models. Understanding the execution semantics in both MATLAB 

Simulink and Function Blocks models is essential to achieve the same behaviours 

after performing the model transformation between the two. The following sections 

discuss, respectively, the semantics of the two models. 

 

Figure 28. Closed-loop model transformation between two domains. 

 

4.1.1 MATLAB Simulink 

Simulink is a software package from Mathworks Inc., which provides a software 

environment for simulation and model-based design of dynamic control or embedded 
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systems. It is tightly integrated with MATLAB. Modelling in Simulink is done by 

creating a network of blocks, stored in the Simulink library. Simulink supports 

simulation for discrete, continuous and even hybrid systems through its corresponding 

solvers which compute the states of the system at successive time steps over a 

specified time span [101]. These time steps can be of fixed or variable duration. The 

fixed-step simulation solver calculates the states of the system at fixed time intervals. 

The variable-step simulation relies on the solver to determine the length of the time 

steps, and the time steps will vary over time. When the parameters are changing 

rapidly, the step size will be decreased, and vice versa. The solvers are generally 

categorised into continuous solvers and discrete solvers. Continuous solvers compute 

the state of a system in the current time step by using numerical integration from the 

state of the system in the previous time step and the state derivatives. Discrete solvers 

primarily solve only discrete models. They rely on the model blocks to update the 

discrete states of the models. There is no single method that can solve all types of 

models. More detail specification and information about Simulink can be found in 

[22]. 

 

Figure 29. An example of a subsystem in Simulink. 
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Simulink automatically assigns execution order of the blocks, based on a set of 

fundamental rules. These rules state that a block generally has a higher priority than 

the one where its output data is connected (see Figure 30).  

 

Figure 30. The fundamental rules for execution priority in Simulink. 

 

Despite the extensive description of Simulink syntax and semantics, there is still one 

concern relating to the determination of the execution order. Sometimes there are 

exceptions where some Simulink blocks automatically have higher priority than other 

blocks (i.e. Integrator, etc.). Figure 31 shows one example of the exceptional cases 

where Transfer Fcn block has automatically higher priority to Product block even 

though the Product has output port connected to the input of the TransferFcn block. 

This is because blocks such as Transfer Fcn have non-direct feed-through inputs, and 

therefore this block may be placed anywhere in the execution priority. This affects the 

decision on the priority order in the transformation process. The priority order 

information is determined by the Simulink software and this information cannot be 

automatically extracted, and there the transformation software has to determine the 

priority on its own. Models, which contain these blocks having non-direct 

feed-through inputs, cannot be sorted in the same order as the Simulink model, and a 

manual adjustment has to be performed. 
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Figure 31. An exceptional case for the priority order. 

 

Simulink also allows assignment of user-defined priorities to each block in order to 

customize execution order for users’ need. But if the priority is not defined, the 

system automatically assigns priority to all blocks based on the fundamental rules. 

State of each block (i.e. input and output values of the block) will be updated during a 

single model time step of execution, following the given order. 

Sometimes Simulink prohibits closed-loop connections because it is not able to 

determine the execution priority in this case. The recommendation is to add a 

“Memory” block to break down the loop (see Figure 32). This Memory block 

becomes a key to identify the priority order in the Simulink model as well. 

 

Figure 32. Memory block is inserted and enables closed-loop connection. 
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The syntax and semantics of Simulink and Stateflow has already been defined and 

well-documented in [22, 102]. Further it will be defined using the following 

mathematical notation, which will be used throughout the paper. 

Definition 1. A Simulink block can be defined as a 

                                 : 

 MInteface is the data interface of the Simulink block 

                       , where 

        di1, mdi2, mdi3       is a set of data inputs  

        do1, mdo2, mdo3     is a set of data outputs 

 MIV defines the internal parameters of the block:  

        iv1, miv2, miv3     is a set of internal variables 

 MFunc defines the behaviour of the block as a function. 

                

        

          

        

          

        

   

where Dom(x) represents the domain of variable x.  

 

Figure 33. A Simulink block. 
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Simulink also has a special package called Stateflow, which users can employ to 

create a customized block in which its behaviour is described by a finite state machine 

(FSM) diagram. Stateflow is an interactive graphical design tool that works with 

Simulink to model and simulate event-driven systems. Figure 34(a) shows an example 

of a Stateflow block, and the encapsulated state charts are shown in Figure 34(b). It 

allows modelling event-driven systems in a State Chart dialect whose syntax and 

semantics is extended from the traditional Finite State Machines (FSM) by allowing 

hierarchical charts, parallel states, and using temporal logic to schedule events. When 

attempting to formulate Stateflow block, Stateflow replaced MFunc which is in a 

Simulink block with FSD, representing its containing Finite State Diagram. 

Definition 2. SFB is a single Stateflow block, then SFB is determined by 

                                 

 MInteface is the data interface of the Simulink block 

                       , where 

        di1, mdi2, mdi3    is a set of data inputs  

        do1, mdo2, mdo3     is a set of data outputs 

 MIV defines the internal parameters of the block:  

        iv1, miv2, miv3     is a set of internal variables ; 

                                 is finite state diagram of a Stateflow 

block, 

       f0, f1, f2, f3      is a set of functions (i.e. algorithms), 
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          ms0, ms1, ms2, ms3       is a set of states, where s0 is the initial 

state, 

                       is a set of transition between states , 

MCond is a set of the conditions for the transition to take place, where: 

             

           

        

          

        

          

        

          

        

 

                 

 

Figure 34. (a) An example Stateflow block.  

(b) The finite state chart inside the Stateflow block. 

 

4.1.2 IEC61499 Function Blocks 

The IEC61499 standard [7] introduced Function Blocks as a modular way of 

designing controllers and modelling control systems. It is believed that modelling 
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distributed control systems with Function Blocks will improve flexibility, software 

reusability and reconfigurability in design process [13]. Figure 35 shows an example 

of a function block model of a two tank system with a pump and a valve. There are 

two controllers in this example for pump and valve respectively. The aim of this 

system is to maintain the water level of tank 1 at a specified level. The pump follows 

a PID control algorithm to transfer water from tank 2 to tank 1 if the water level of 

tank 1 is lower than the specified level. In this model, the pump model and the PID 

controller are merged into a single composite block named PID_CTR. The valve will 

direct the water from tank 1 back to tank 2 if the level is higher than the specified 

level. The valve model and controller are represented as VALVE_MDL and 

VALVE_CTR Function Blocks respectively. TANK_B101_MDL and 

TANK_B101_MDL1 represent the models of the two tanks. 

 

Figure 35. An example of Function Block network for a two-tank system. 
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The IEC61499 standard defines a few design artefacts, such as basic and composite 

Function Blocks. A basic Function Block is a single event-driven module. It contains 

an Execution Control Chart (ECC) which is a finite state machine. Therefore the 

structure of a basic Function Block is similar to a single MATLAB Stateflow block, 

except parallel ECC is prohibited in a basic Function Block. ECC describes the 

condition of transitions between states and algorithms associated with each state. The 

structure and interface of a basic Function Block and ECC can be found in Figure 36.  

 

Figure 36. Interface and ECC of the basic Function Block. 

 

A Function Block system can be hierarchically organized through the use of the 

“composite Function Blocks,” which describe a subsystem of the whole Function 

Block network. However, all the Function Blocks inside a composite Function Block 

have exactly the same priority status comparing to the ones at the same hierarchy 

level as the composite Function Block. This is different to the hierarchy of subsystems 

in Simulink therefore it would require special attention in the transformation. 

The formal notation of IEC 61499 from [85] is followed: 

Definition 3. A Basic Function Block, FB, is determined as                     

           , where:  
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                                 , where: 

      ei1, ei2, ei3     is a set of event inputs, where                   

true, false, 

      eo1, eo2, eo3     is a set of event outputs,  

      di1, di2, di3     is a set of data inputs,   

      do1, do2, do3      is a set of data outputs,   

IA is a set of input event/data associations, where                      

   

OA = a set of output event/data associations, where                   

      

        alg1, alg2, alg3      is a set of algorithms, and it is possible that ALG 

=  . 

       iv1, iv2, iv3     is a set of internal variables.  

 ECC is the execution control chart of a basic Function Block, and it is 

determined by tuple (ECState, ECAction, ECTransition, ECCondition).  

           s0, s1, s2, s3       = a set of states, where s0 is the start state. 

                               = a set of transition between states.  

                   0                      

ECCondition is a set of the transition conditions. A transition condition is a 

predicate over event and data inputs, where:  
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Thereafter, when taking Figure 35 as example, TANK_B101_MDL Function Block is 

constructed with: 

      I IT, REQ  

      I ITO, C F  

      H2 F OW, H1 F OW, I I V  UE, H2, H1, DT, FT  

      PV OUT, W R I G  

                      

                        

4.1.3 Function Block Execution 

Execution of Function Blocks is achieved by compiling them into executable code 

which works in conjunction with some pre-defined libraries. The code generation 

model plus the libraries are commonly referred to as a run-time environment. One of 

its important tasks is to dispatch events among function blocks. Currently, there are 

several different run-time environments which are implemented with different 

execution models. 

The Function Block Run Time (FBRT) has the longest history in the IEC61499 

community. It uses “direct function calls” execution semantics where an output event 

triggers the successive Function Blocks in a single thread. However, this mechanism 
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may result in stack overflow in case of event feedback loop, or in starvation of some 

blocks because the execution process of the caller block will be halted until all other 

function blocks along the event propagation path have completed execution. There is 

one solution to this problem by the use of LOOP_END block, which will be described 

later in the paper. FBRT is written in Java, and is the built-in run-time of FBDK.  

FORTE is a C-based run time environment for IEC61499 Function Blocks 

implementation, targeting small embedded control devices (16/32 bits). FORTE 

run-time [62] relies on an event dispatcher for scheduling function blocks in a 

sequential order, such that all input events will be delivered to their destination blocks 

in a first-in-first-out queue (FIFO) order. Events are dispatched similarly in the 

FUBER run-time [103], where FIFO input event queue is used along with additional 

function block instance queue. Whenever an event is queued in a particular function 

block, this function block is then added to the instance queue. A scheduler is 

responsible to execute the queued instance in FIFO order. 

There are also different run-times, compilers and development tools available in the 

Function Block domain. FBRT and FORTE are chosen only because of their maturity 

in development and are for the purpose of demonstration and proof of concept. The 

open nature of IEC 61499 allows application of our simulation environment with any 

compliant IEC 61499 tool/runtime. One of such alternatives is the cyclic run-times 

[67, 104], which inherits the idea from the traditional cyclic-scan model used in 

programmable logic controllers (PLC). In them, function blocks are activated 

periodically after input and output signals are updated. Our department also has a 

project developing a cyclic execution Function Block run-time [67]. This cyclic 

nature of execution immediately eliminates the stack overflow problem with FBDK. 

This is executed under FBench, which is a Function Block development tool also 
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developed by our department [65]. Another project aims to create a “synchronous 

compiler” that compiles Function Blocks into C code. This compiler is based on the 

Synchronous execution model [66] and is proven to be very efficient in terms of the 

target code performance. It can be very useful in the context of distributed control 

where the model can sometimes be enormous in size and resource consuming in 

simulation. Such models can be transformed to the open IEC 61499 form and to be 

run efficiently on distributed or centralized platforms. FORTE is also being used in a 

new development tool from nxtControl [64]. However, it is believed that this tool 

implements a slightly modified version of FORTE run-time. This tool has a strong 

focus on Model View Control (MVC) concept where visual simulation can be 

developed using C# code, separated but integrated along with the main Function 

Block model. However, this should not affect the implementation of our 

transformation approach with it. ISaGRAF [63] is yet another company that is 

developing Function Block tools based on IEC61499 standard. However, they have 

their own specification about Function Block model, so a converter from the standard 

XML to ISaGRAF format would be required when performing the model 

transformation. The interface of their tools inherits from the IEC61131-3 [68] PLC 

programming environment. 

However, in this PhD research, the Function Block Run Time (FBRT) and FORTE 

run time [62] are used. The corresponding tools for development with these run times 

are Function Block Development Kit (FBDK) [61] and 4Diac [105]. They are chosen 

because of their maturity in development and availability since the early stage of this 

research. 
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4.2. What parameters of the models should be considered in the 

transformation? 

Before performing model transformation, several key parameters of the model must 

be considered. These include execution priority (Event connections on the Function 

Block side), data connections, data type mapping, sampling time (including 

discretization) and algorithm translation etc. 

4.2.1 Data Connection 

The model transformation certainly has to preserve data and parameter (constant) 

connections in order to produce identical output data. Figure 38 is the Function Block 

model transformed from the Simulink model shown in Figure 37. With this simple 

example, the data connections between blocks can be easily observed as being 

identical to each other. For example, the data connection between the OUT data 

output from VALVE_MDL block and the IN data input of the Derivative block are 

both present in the original Simulink model and the transformed Function Block 

model. The constant blocks in Simulink simply become constant input parameters on 

the block it is connecting to in the Function Block model. With the same example, the 

D and A constant blocks in Simulink model becomes the input parameter of 

Subsystem. In this example, Display and Display1 in Simulink model are just for data 

display purpose, as well as the OUT_ANY block in the Function Block model. Also a 

“LOOP_END” block is introduced to allow closed-loop event connection. This 

implementation will be discussed in detail in the next section. 
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Figure 37. A simple Simulink model. 

 

Figure 38. The transformed Function Block System. 

 

4.2.2 Execution Priority (Event connections) 

Function Block is an event-driven module but not all blocks in Simulink are 

associated with events. All the Function Blocks used in the transformed model are 

proposed to be assigned with two pairs of EVENT input and output. One is an 

initialisation event I/O pair (INIT/INITO) that handles all the necessary initialisation 
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process, and the other one is a REQ/CNF event I/O pair for handling the execution 

priority (see Figure 39). Initialisation input and output events would be helpful in 

setting up the initial conditions, associated with all the relevant data I/O, especially 

the constant input parameters. A REQ input event is added with association to all data 

input as for updating any changes in the input side. A CNF output event is added with 

association to all data output. This output event must be signalled by any “actions” 

taken in the Function Block in order to notify a possible change in the data output 

side. 

 

Figure 39. Event and data association after transformation. 

 

Two methodologies of achieving the same cyclic execution order of Simulink in the 

Function Block model are proposed. One uses direct event connections in a sequential 

and cyclic way to determine the execution order. Another one introduces the 

scheduler Function Block that handles the execution order. 

The sequential event connection method is the simplest way to ensure the Function 

Blocks are activated in a designated order. The cyclic behaviour can be achieved by 



 

92 
 

connecting the CNF event output of the last block to the REQ event of the first block 

in the execution priority list. However, FBDK has a known problem of disallowing 

closed-loop even connection due to its nature of execution. This problem is solved by 

introducing a “ OOP E D” block in the model between the first and the last 

Function Block in the priority list (Figure 38). This LOOP_END acts just like the 

E_DELAY Function Block but with zero delay time. Because of the threading 

implementation of the E_DELAY block, it manages to set a break between function 

calls and therefore allows events to be connected in closed-loop in FBDK. This 

problem does not exist in the FORTE environment. One downside of this method is 

that it is not able to maintain the priority order when composite Function Blocks are 

involved because, as mentioned previously, the nature of subsystem in Simulink is 

different to a composite Function Block. Therefore when using this method, it is 

recommended to expand (or avoid) subsystems in the Simulink models before model 

transformation. The expansion can be done easily in Simulink with one mouse click. 

The alternative solution is by the use of the scheduler Function Block. Such a 

scheduler block must be placed in each layer of the Function Block models (when a 

hierarchical layout is present). Because the execution order in subsystem in Simulink 

is different from composite Function Block, a “scheduler” (Figure 40) must be 

included in any composite Function Blocks to ensure that the execution order of all 

the blocks is the same as the original Simulink model. The scheduler simply activates 

each Function Blocks, based on the given execution order, by sending an event output 

to its REQ input. Some composite Function Block may be activated more than once in 

a cycle in order to make sure the block execution are the same as the Simulink model 

(i.e. some Function Blocks inside the composite block may have higher priority than 

the blocks in upper levels). Therefore the scheduler will have the same number of 
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event outputs as the number of Function Blocks in the particular “level” of the 

Function Block model. This may not be a favourite solution for the model populated 

with too many Function Blocks in one layer. 

 

Figure 40. A scheduler Function Block 

 

If a cyclic execution environment is available in the Function Block side later (such as 

cyclic run-time or ISaGRAF mentioned previously), then this problem becomes less 

critical and easier to solve. However, they are not yet readily incorporated in the 

context of this research. 

4.2.3 Data Type Mapping 

The data types are very important to ensure the correctness of the model. The wrong 

mapping of data type will cause incorrect behaviour in the algorithm computation. 

Simulink and the IEC61499 standard have both defined their own primitive data types. 

Table 2 shows the mapping of the primitive data types between Function Blocks (in 

FBDK) and MATLAB Simulink. There are some data types that are not currently 

supported in the Function Block. However, user-define data types are allowed in the 
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Function Block domain and therefore this can be considered as an alternative solution 

for those data types that do not exist in the Function Block environment.  

 

Table 2 Data Types mapping between Function Blocks and MATLAB Simulink. 

Data 

Type 
Comment 

Memory 

Space 

FBDK 

Support 

MATLAB 

Support 

both 

supported 

byte short integer 8 bits SINT int8 yes 

int integer 16 bits INT int16 yes 

int double integer 32 bits DINT int32 yes 

short unsigned short integer 8 bits USINT uint8 yes 

int unsigned integer 16 bits YUBT uint16 yes 

long unsigned double integer 32 bits UDINT uint32 yes 

single 

 

32 bits REAL single yes 

boolean   8 bits BOOL boolean yes 

double 

 

64 bits LREAL double no 

string 

 

variable 

size 
WSTRING - no 

byte unsigned 8 bits BYTE - no 

 

4.2.4 Discretization and Sampling Time 

Any model running under computer environment always involves some discretization 

process with the associated sampling time in order to represent the data flow in the 

physical systems. This is exactly the case in both Simulink and Function Block 

environments.  
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In general, the data in control systems is not purely discrete or purely continuous. A 

system may contain discrete operations (such as on and off switches) as well as 

continuous control (such as movement or flows of objects). Such systems are also 

known as “hybrid” systems [54]. They are substituting continuous production in 

response to the growing demand for flexibility. In process industry, a batch processing 

is one example of such a system (Figure 41). The process in the batch process reactor, 

for example, can be described by both continuous variables (e.g. temperature) and 

discrete variables (e.g. switches). Modelling, verification and validation of hybrid 

systems, i.e. continuous and discrete dynamics, executing intelligent control 

algorithms in decentralised nodes, are known to be computationally hard. MATLAB 

Simulink has readily available validation and verification environment. If a properly 

validated Simulink is transformed and the model transformation can guarantee the 

identical behaviour, the transformed Function Block model can be considered as 

“trustworthy.” This also shows the importance of the integrated software environment 

linking the Function Block design with MATLAB Simulink. 

 

Figure 41. Hybrid Systems with different degree of continuous flow [1]. 
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As mentioned previously, MATLAB does not just have discrete solvers to compute 

discrete state but also has so-called continuous solvers which mathematically compute 

data in a continuous perspective. Function Block domain only handles discrete data. 

Therefore when transforming a Simulink model, a discretization process must be 

followed in order to interpret the continuous or hybrid behaviour in a purely discrete 

sense.   

Many Simulink blocks are associated with the sampling time of the system execution 

especially in the continuous time modelling. The transformed Function Block model 

must use the same “time step,” which can be achieved by setting the “dT” parameter 

of model FBs. It is illustrated in Figure 42. The model FB is activated by an external 

“clock” signal. If simulation in real time is required (e.g. for animation of some 

processes) then the E_CYCLE or RT_E_CYCLE Function Blocks, as suggested in 

[106], can be used as the clock generator. However, in our scenario, using sequential 

event connection (with scheduler if necessary) it is enough for achieving model-time 

simulation. 

 

Figure 42. FB implementation of a discretized computation of a continuous 

function F given its derivative dF [14]. 
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For these types of blocks, the “dT” input parameter must be given for their 

corresponding Function Blocks. Simulink supports a variable time-step solver and a 

so-called continuous solver. Thus in this case, these data must be discretised in order 

to perform the matching solution in the Function Block domain. The “dT” parameter 

indicates the discretisation rate (or sampling rate). Figure 43 presents the comparison 

of the output results of the Transfer Function Simulink block with its corresponding 

Function Block. The values are exactly the same only on its successive time step, 

following by the fixed sampling rate. This example shows that if the sampling rate is 

not chosen correctly, it is not able to fully replicate the data flow from the Simulink 

model and will result in incorrect outcome. The safest approach can be done by using 

the well-known sampling theorem, where the sampling rate is chosen to be twice the 

highest frequency existing in the model. 

 

Figure 43. Comparing the outputs of the Transfer Function Simulink block with 

its corresponding FB. 
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Therefore, the continuous data must be carefully considered in the Function Block 

domain. MATLAB relies on its own continuous solvers for dealing with continuous 

data. It might be possible to replicate such a continuous solver or execution in 

Function Block environment, but such knowledge belongs to The Mathworks Inc. So 

a discretization of such continuous data is more straight-forward solution (resulting in 

purely discrete data in Function Block domain). The model with continuous input can 

be implemented in a way shown in Figure 44. Note that such implementation will not 

work properly in FBDK/FBRT without any LOOP_END or DELAY block between 

the EO1 and REQ event loopback. This Function Block implements the discretization 

process, and it can also become useful if any continuous data is inserted into the 

model from an external source/model (i.e. through a Service Interface Function Block, 

SIFB). 

 

Figure 44. FB implementation of a model dependent on a continuous input X. 

The output function is represented as F(X). The calculation is reactivated by loop 

back event link [14]. 
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The execution of Function Block ECCs continues as long as there are enabled 

transitions. This may involve visiting several EC states. The classic Stateflow 

semantics only takes one transition at each simulation time step. Therefore for state 

machine diagram where multiple transitions are occurring in one single time step, 

Stateflow must be set to allow the “super step.” If the super step is not set, the output 

resulting from the Stateflow chart may be not equivalent to the ones from the 

transformed Function Block, unless the designer can guarantee that such multiple 

transitions will not take place. 

4.2.5 Algorithm Translation 

There are three common ways of creating customized blocks in Simulink. In the first 

method, known as “Stateflow” blocks, the block’s behaviours can be defined by 

encapsulated finite state machine diagrams. The algorithm inside Stateflow’s FSM is 

written in MATLAB code, which needs to be translated into a language that can be 

recognized by the Function Block tools. If the algorithm inside the FSD is copied 

directly from Simulink model into the ECC, the Function Block will not be executable. 

Both FBDK and 4Diac tool support a language called Structured Text (ST), which is 

one common language in the latest automation system design. In this research work, a 

simple algorithm translator has been developed, which can translate basic equivalence 

statements, math equations and IF statement (Figure 45).  
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Figure 45. Algorithm translation from MATLAB code to ST. 

 

The second and third methods can be done through some programmable blocks (such 

as S-Function block from Simulink library) where you can program the block’s 

behaviour with either MATLAB code or C language with a specific customized 

software structure. If C language is used, the algorithm part can be simply copied and 

pasted into a basic Function Block to create exactly the same behaviour, assuming the 

algorithm code can also be successfully compiled by the C-based compiler on the 

Function Block side, such as 4Diac with FORTE, and therefore this will not work 

with FBDK and FBRT. On the other hand, if MATLAB code is used, an algorithm 

translator must be presented to translate MATLAB code into a language that can be 

compiled on the Function Block side. The simple algorithm translator, developed in 

this research project which allows this translation from MATLAB code into 

Structured Text (ST), can be applied here as well. The 4Diac tool development group 

has developed simple but incomplete algorithm translator that allows the translation 

from ST into C/C++ languages. Both the algorithm translators are capable of 

translating basic equivalence statement, mathematical equations (such as 
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trigonometric equations), hierarchical IF statements etc, which is much sufficient 

already at this stage of development for most of automation system models. The 

translated algorithm can be inserted into the ECC for creating the corresponding 

Function Block of the same behaviour. 

4.3. How does the model transformation work? 

In this research, a block-to-block model transformation approach is proposed and 

implemented. MATLAB Simulink has a library storing blocks that are often used in 

modelling control systems. These blocks are categorized into different packages. In 

the Function Block side, a collection of basic Function Block must be created in 

advance prior to any use of them in the modelling. Therefore in this case, a 

corresponding Function Block library can be constructed, containing Function Blocks 

that are the complete representation of all the relevant blocks in Simulink library. The 

idea, for every Simulink block, is to create a basic Function Block that has exactly the 

same inputs, outputs, internal parameters and behaviours as its corresponding 

Simulink Blocks. Certainly, it is assumed that the Simulink models are free of errors 

before performing transformation. This is necessary to guarantee successful 

transformation results. 

Since the main concept of our transformation methodology is the block-to-block 

mapping, it is generally straight forward to consider the following mappings: 

1. A single Simulink block to a basic Function Block 

2. A Simulink subsystem block to a composite Function Block 

3. A Simulink system to a Function Block application  
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Transforming a single Simulink block to a basic Function Block can be implemented 

directly as they can share exactly the same arithmetic interpretation of a model, which 

needs to be captured in the syntax of both languages. A subsystem of Simulink can be 

mapped to a composite Function Block. This allows hierarchical construction of 

models. However, it is very important to consider the order of the execution carefully 

when dealing with hierarchical layout. It is a question whether all the blocks in the 

same layout have the same execution priority as other blocks in different layers. 

Eventually the Simulink model will be transformed into a Function Block application. 

For every Simulink block (SB), a corresponding FB is created. The model 

transformation method can be defined as a function M, where: 

        

There is one-to-one correspondence between input sets of both blocks, i.e.: 

                           

In this model, internal variables are included as a part of data input because it not easy 

to modify internal variables in the current Function Block development tools from 

user perspective (see Figure 47 for example). This mapping is proper because these 

internal variables of Simulink blocks are actually just constant parameters of the 

blocks and are unmodified throughout execution. This may be changed to mapping 

directly to IV in Function Block side. 

                         

This only changes the interface so that: 
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In order to match the algorithms of the blocks, the ECC of FB is created as: 

         ,     , where alg1 handles initialisation and            

           ,   ,    ,                        ; 

Two pairs of event inputs and outputs are added. INIT and INT0 handle the 

initialisation, while REQ and CNF handle the execution of the blocks: 

             , and                 

All data is associated with EI and EO: 

           

          

After the initialisation, FB is activated when: 

                       :         

      

         

      

         

      

  

But on the Simulink side, 

                

        

          

        

          

        

   

Since             , if t denotes an instance of time where        , 

                

       

          

         

       

where t = 1, 2, 3, … , n (for discrete-time state). 

Figure 46 and Figure 47 shows one example correspondingly showing a Transfer 

Function (Transfer Fcn) Simulink block and what its corresponding Function Block 
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looks like. The data input and output are mapped to INPUT and OUT1 on the 

Function Block side. The two key internal parameters, numerator coefficient and 

denominator coefficient, are mapped as an input on the Function Block. In our 

approach the internal parameters of the Simulink block are set as “data inputs” 

(instead of internal variables) of the corresponding Function Blocks in order to be 

graphically modifiable in the user interface. 

 

Figure 46. Transfer Function Simulink block. 

 

 

Figure 47. The corresponding Function Block for Transfer Function Simulink 

block. 
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The “Stateflow” package enables the specification of customized blocks with finite 

state machine (FSM) diagrams. Because of this nature, it is possible to map the FSM 

with Function Block’s Execution Control Chart (ECC). A single Stateflow block is 

transformed into a basic Function Block. Figure 48 shows the interfaces of both 

blocks, and Figure 49 presents an example of transformation of the Stateflow diagram 

from Simulink to the ECC of the basic Function Block. Instead of MFunc mapping in 

a Simulink block, actually it is possible to directly map FSD to ECC: 

           

                  

                       

                    

            

 

Figure 48. A Stateflow block is transformed into a basic FB. 
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Figure 49. Stateflow’s FSM is mapped to FB’s ECC. 

 

The two-tank system introduced in Chapter 1 is modelled here as an example, by 

using purely Stateflow, and it is transformed into a Function Block model (see Figure 

50). This model contains two blocks representing the two tanks respectively, a block 

representing the valve and a block representing the motor running in between the two 

tanks. All these are controlled by a PID motor controller and a valve controller. And 

by adding some HMI and visualisation Function Blocks, a visualized simulation can 

be generated, shown in Figure 51. 
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Figure 50. Transformation example from a Simulink/Stateflow model to a 

Function Block model. 
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Figure 51. Simulation from the Function Block model transformed from the 

Simulink model of the two tank system. 

 

4.4. How shall the nature of the model execution be preserved? 

In order to preserve the nature of the models after the transformation, the execution of 

the model becomes the key. Therefore by understanding the execution semantics of 

the model and formulating the proposed model transformation mechanisms, it is 

shown below how the model equivalence can be maintained after the transformation 

process. 

4.4.1 Proof of Equivalence 

In this section, a proof of semantic equivalence between the generated FB model and 

the original Simulink model is provided. Two blocks are equivalent if they produce 

equal output values at all discrete time moments. One unit of time, t, is defined as the 

time period when all blocks are executed exactly once.  

The model transformation is based on the following assumptions: 

1. For each Simulink block, there exists a Function Block that can perfectly 

represent the behaviour of the corresponding Simulink block. 
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2. The same algorithm expression will produce exactly the same output from 

both models.  

3. Simulink is assumed to be executing in a sequential and cyclic order with 

certain priorities assigned to each block. 

4. The Function Block models are forced to execute in a sequential and cyclic 

order by the use of event connections (i.e. after the last FB is executed, the 

next cycle starts by executing the first block with all the updated data I/Os). 

All I/O data are associated with the initialisation (INIT/INIT0) and execution 

(REQ/CNF) event pairs. 

5. Data types are all mapped properly. 

6. Descretization is handled properly causing no difference to the Simulink 

model. 

7. The Simulink model is free of error before the model transformation 

The proof of equivalence resulting from the model transformation is done by 

mathematical induction. For a single block, there is no proof required since the 

matching is already done by our above rules and the assumption 1, where a single 

basic Function Block is designed to be a perfect representation of each corresponding 

Simulink block. So the base of induction can start with two blocks (see Figure 52). 

Here a notation such as    
  is used to represent parameters (i.e. DI) of Function 

Block 1 at time instant t. 

Initially, the input to the transformed Function Block model is assumed to be the same 

as the original Simulink model (i.e.    
      

 ). By the previously defined 

block-to-block mapping concept: 
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 ,            

 

Figure 52. Mapping for a system with two blocks. 

 

Assuming sb1 is always executed before sb2 in Simulink model, and mo denotes a set 

of data outputs connected to sb1: 

    
                        

         
     

                                 

fb1 and fb2 are forced to be executed in the same by: 

   
     

    

Since all data are associated with all events in our block-to-block mapping, 
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Again, by the block-to-block mapping (assumption 1): 

   
      

     
      

 . 

Now the proof of equivalence is required for the case with N numbers of blocks (See 

Figure 53). Assuming the equivalence is true for N blocks, by the block-to-block 

mapping: 

   
      

     
      

 ,           

 

Figure 53. Mapping for system with N+1 blocks. 
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The Function Block network of N block can be grouped into a big composite FB, sbN. 

Assuming sbN is always executed before sbN+1 in Simulink model, and mo denotes a 

subset of data outputs connected to sbN+1: 

      
                        

          
    

                              

Assuming Function Block models are now all executed in a sequential order, forcing 

fbN executed before fbN+1 (like the order in Simulink side) by using event: 

     
     

   

                                                              

     
                   

       
                                

                                         

                    

      
                 

   

Again, by block-to-block mapping (assumption 1): 

     
        

       
        

  

                                             

4.5. Summary 

This chapter presents the transformation concept from Simulink model to IEC61499 

Function Block model. Various aspects are considered in order to preserve the nature 

of the execution of the models after the transformation, including execution semantics 
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of both models, execution priorities, sampling time, interface mapping and data type 

mapping. Based on specific assumptions, a formal proof has been completed to show 

the equivalence between the transformed Function Block model and the original 

Simulink model. 
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5 
Chapter 5. Implementation 

 

A software package has been developed in this research to enable the model 

transformation from Simulink models to Function Block models. A simple algorithm 

has also been developed to translate MATLAB code into Structured Text (ST) so it 

can be correctly interpreted by the Function Block compilers. The previous chapter 

has described the theoretical concepts of the model transformation. This chapter 

describes the software implementation of the model transformation concept and 

provides an example application with an industrial motor model. Also this 

demonstrates how these concepts may apply to the completion of the integrated 

software framework being proposed. The users can employ this software package to 

easily create a Function Block application from existing MATLAB Simulink models. 
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This chapter addresses the specific steps the user has to follow in order to successfully 

apply the model transformation software. 

Section 5.1 presents the software implementation of the model transformation 

approach. Section 5.2 shows the steps of using this developed software tool. Section 

5.3 presents the experimental result of applying the model transformation tool on a 

motor Simulink model. 

5.1. Software Implementation of Model Transformation Concept 

In order to automate the transformation process from MATLAB Simulink models to 

Function Block models, a prototype software programme has been developed. The 

software implementation of the transformation approach can be separately categorized 

into three phases (see Figure 54). The first phase is a model translator that is able to 

convert all the relevant elements of the Simulink models into software objects, 

referred to as the “Simulink Parser.” The second phase is the translator that can 

construct the Function Block models from software objects in a specific format, 

referred to as the “Function Block Model Generator.” Between these two phases is a 

“Mapping” facility that reconstructs the software objects from the first translator into 

the specific format that can be imported to the second translator. The software 

implementation in our research is programmed in Java for cross-platform 

compatibility. 
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Figure 54. The phases of the model transformation in software implementation. 

 

Simulink parser is a Java program developed by the Competence Center Software 

Maintenance of the Software & Systems Engineering group at the Technische 

Universitat München. It is able to parse the MATLAB Simulink/Stateflow models 

(*.mdl files) into Java class instances. The detail documentation and program files 

(including source) of the parser API can be found in [107].  

Our research group has developed the Function Block Model Generator (FBMG) 

which is designed to translate any XML file compliant to the Document Type 

Definition (DTD) defined in IEC 61499-2 into or back from Java class instances. 

Each Function Block (fbt files) in the model is compiled to a set of Java class 

instances representing the respective IEC61499 entities. In the transformation process, 

if a Simulink block is detected, FBMG is used to fetch data from the corresponding 

Function Blocks in the pre-created Function Block library. This is not necessary if the 

Stateflow block is detected since the transformation software will completely create a 

new basic Function Block and insert it into the Function Block library in this case. 

FBMG is designed in a modular way, where each function is implemented in a 

separate set of Java classes. Currently FBMG is able to handle basic and composite 

Function Blocks, while Function Block applications can be translated to a limited 
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extent. However, for the testing purpose, the current version is sufficient to automate 

the translation of a single Function Block network within a single resource.  

The Function Block Model Generator is also capable of translating a single function 

block type (*.fbt) file into a set of XML files that can be opened in the NCES Editor 

for model-checking purpose. This is also an essential part of the validation and 

verification process of the software framework mentioned previously (see Chapter 3).  

The Mapping facility acts as the bridge between FBMG and the Simulink parser. It 

converts the output from the Simulink parser into the format that can then be 

converted by FBMG to Function Block model files (i.e. *.fbt or *.sys files). Each 

object from the Simulink parser is first analyzed to determine if it is a single Simulink 

block, a Stateflow block or a subsystem block. Then the software will decide what 

format it will be converted to. The software maintains an index of all existing objects. 

Then a recursive analysis on each instance is performed here in order to sort and 

correctly place all the elements in the model based on their hierarchical locations.  
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The mapping between the two models can be seen by using the corresponding 

meta-models, shown in Figure 55. The Function Block meta-model is inherited from 

the meta-model of basic Function Block presented in [108]. 

 

Figure 55. The mapping between the meta-models of Simulink and Function 

Block. 

 

5.2. Steps of Applying the Model Transformation Software 

The following guidelines (steps) are provided in order to use properly the developed 

model transformation tool. It is assumed that the Simulink models of the systems 

already exist before the model transformation. Figure 56 shows an overview of the 

steps the user has to follow. 
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Figure 56. Steps of using the transformation software. 

 

5.2.1 Creating corresponding Function Blocks 

First of all, a corresponding Function Block library must be constructed for each 

Simulink block used in the model (see Figure 57). The Function Blocks in the library 

must have exactly the same inputs, outputs and parameters as their Simulink 

counterparts. By the previous presented concept, each Function Block created must be 

the perfect interpretation of its corresponding Simuilink model. In other words, for the 

same input data, it must produce exactly the same output data. At a minimum, each 

FB type and its corresponding Simulink model must have identical I/O and internal 

parameters, with an associated TIME input wherever necessary. TIME parameter 

must be associated whenever is necessary. It is possible to check the correctness of 

the created Function Blocks by feeding input data from a common source and directly 

compare the outputs in a common platform. An example setup can be starting a 

Simulink model with an input source and feed the same input data to the Function 
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Block through a communication channel. If Stateflow blocks are used, it is not 

required to create the corresponding Function Blocks for them as the Transformation 

software will automatically translate each Stateflow block into a customized basic 

Function Block. 

 

Figure 57. One example of mapping between the libraries. 

 

After the collections of the corresponding Function Blocks are created, the name of 

these Function Blocks must be entered into a database to indicate the mapping with 

which Simulink block. A simple database is implemented here to allow the 

block-to-block mapping. This proposed database structure is shown in Table 3. This 

database can be stored in a simple text file, where each line represents a single block 

transformation comprising a series of tab-separated entries. The entries in this 
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database include the names of the Simulink block, the name of its corresponding 

Function Blocks, the input names, output names and internal parameters. The names 

of the inputs, outputs and internal parameters must be listed in the order according to 

the order inside the Simulink model. This is because Simulink only stores I/O 

interface as in port numbers rather than the I/O port names in the model file. 

Parameter names must be also provided, because in our approach the internal 

parameters of the Simulink block are set as data inputs. 

 

Table 3 Database structure for Simulink block transformation. 

 

 

Theoretically all the Function Block library and database creation process is only 

required to be performed once. As long as no new Simulink blocks are introduced 

after the creation, there is no need to perform these two processes again. Once the 

library and the database are ready, an examination of the Simulink model is required. 

The Simulink model must be checked against the following criteria before 

transformation: 

 The original model is executable inside Simulink without errors. 

 Place a “Memory” block in any closed-loop data connection and make sure the 

priority order remains as expected. 

 No parallel FSM is used in any Stateflow block (as parallel ECC is not supported 

in Function Block tools at the moment). However, this may not become an issue in 



 

122 
 

the future as there are current projects working on enabling the parallel ECC such 

as in [109]. 

 Simulink block names should be in the normal format prescribed for identifiers in 

conventional programming languages such as C, Java and IEC61131-3 Structure 

Text (ST). 

 It is recommended to avoid (or expand) subsystems in the Simulink model 

When all the examinations are done, the model transformation software can be applied by 

specifying the location of the model. If there are errors reported during the transformation 

process, it is recommended to go back to the examination stage to check the correctness of the 

Simulink model by following the guidelines again. Only one Simulink model can be 

transformed at once. A Function Block application will be automatically generated for the 

input Simulink model. After the software tool runs successfully, it is necessary to check if the 

execution priority is the same as the original Simulink model. As explained previously, 

MATLAB Simulink permits some exception cases to the basic priority assignment. Therefore 

it is important to make a final check with the execution priority in the transformed Function 

Block models. If the priority order is not correct, manual adjustment is required. At the end, 

the transformed model can be tested to compare the output with the original Simulink model. 

5.3. Experiment with Model Transformation 

The required modifications for other semantic models are minor. From the technical 

perspective, the transformation can be done with assistance of some existing 

Application Program Interface (API) associated with MATLAB Simulink and 

Function Blocks. The TUM Simulink Library project [107] provides a JAVA parser for 

the Simulink MDL file, and our research group has developed a Function Block to 
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JAVA parser. Combination of these two APIs together makes the development of the 

transformation easier.  

Presented below are the results of applying the above described tools and 

methodologies to an industrially significant Simulink model. This is presented in 

sufficient detail to illustrate the extent to which these tools and methodologies can 

solve the problems addressed by this research. Further details of the model are not 

available due to confidentiality agreements. 

The execution order of the resultant transformed Function Block model may differ 

from the one in the original Simulink model due to the exception cases mentioned 

previously. Therefore some modification to the order of blocks is required before 

producing the desired results. 

The following diagrams show the outcomes from the model transformation process 

and the flow of the transformation procedure. Figure 58 reveals the first outcome from 

the developed transformation software tool. By inspection, there is overlapping 

between Function Blocks in the geometric layout. This is due to the fact that Simulink 

blocks have a different graphical representation from Function Blocks. The current 

version of transformation software inherits the special positions from the Simulink 

model. However, this overlapping does not affect the results of execution and any 

algorithm computation. To make the Function Block systems look “tidier,” the user 

can simply rearrange the model manually as shown in Figure 59. Some Function 

Block tools support automatic rearrangement of Function Block layout based on 

certain fixed pattern. 
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Figure 58. Model transformation from Simulink to FB model. 
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Figure 59. Rearranged Function Block model after transformation. 

 

The above example is based on implementation in FBDK. The current version of the 

transformation software tool only converts Simulink model to FBDK’s default XML 

format for Function Block system application. At this stage, different Function Block 

development tools have own implementation on the XML format for system 

application. 4DIAC supports import of FBDK format into their tool. Therefore this 

transformed Function Block models can also be used in 4DIAC’s implementation. 

Some tools like ISaGRAF and nxtStudio at the moment due the different XML 

formats. However, this does not completely rule out these tools from the 

transformation approach. This only requires some conversion software that can import 

and export system applications into different formats. 
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Figure 60. 4DIAC Function Block model that has been imported from the same 

FBDK model. 

5.3.1 Estimation for complexity of transformation algorithm 

The amount of the time for performing the model transformation grows 

polynominally with number of blocks and connections in the source model (i.e. the 

MATLAB model). The complexity of the implemented model transformation 

algorithm can be intuitively estimated as in proportional to:  

          

where n is the size of the Function Block library, m is the number of MATLAB 

blocks in the source model and c is number of data connection in the source model. 

This estimation is proved by various experiments and case studies conducted during 

this PhD research. 

5.4. Summary 

A model transformation software tool has been developed in this thesis work. This 

chapter has demonstrated the model transformation with a motor model example. The 

current version of transformation software supports the format that is readable under 

FBDK and 4DIAC development tools for IEC61499 Function Blocks. The model 
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transformation software allows a semi-automatic transformation from Simulink 

models to IEC61499 Function Block models, where a corresponding Function Block 

repository needs to be prepared in advance before the transformation can be 

performed. There are still some unresolved issues in the developed transformation 

software program that can be extended in the future development, including: 

1. Only a simple algorithm translator has been developed, allowing translation 

from MATLAB language to ST. 

2. The Simulink block with non-direct feedthrough inputs (mentioned in Chapter 

4) cannot be fully distinguished in determining the execution priority of the 

blocks. 

3. It is possible to include a program that sorts out the geometric layout of the 

transformed Function Block model. 

4. Either the transformation software tool can export other formats that are 

readable in other FB development tools or an external format conversion tool 

can be implemented. 
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6 
Chapter 6. Co-Modelling Approach 

 

An alternative solution for bridging the link between MATLAB Simulink and 

Function Block tools is by the use of communication channels such as socket 

communication protocols (i.e. UDP or TCP). This approach allows closed-loop 

simulation by use of the models in the two software development tools. In a 

distributed system scenario, it is more common to have the controller design in 

Function Block side while the plant model is designed in Simulink. Simulink has 

functionalities of plotting and performing analysis with the data, therefore it makes 

sense to have the data collection and display on the Simulink side. However, this is 

not always the case. Combination usage of both models gives more flexibility in the 

design process, depending on the resources and status of the design projects. Also 
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combination usage of this co-modelling approach with the model transformation 

approach makes the software design flow more complete. 

Section 6.1 shows how the closed-loop simulation model can be formed between the 

two models. Section 6.2 and 6.3 present the techniques of establishing the 

communication protocols in the respective models. All the different scenarios 

considered in this research are listed in Section 6.4. Section 6.5 discusses the impact 

of Function Block execution time in this approach. The application examples and 

experimental results are provided in Section 6.6. 

6.1. Closed-loop Simulation 

If a closed-loop plant-controller system has already been modelled in Simulink, the 

closed-loop simulation with the Function Block controller can be established 

immediately through a common communication channel. Figure 61 shows how the 

closed-loop simulation can be set.  

 

Figure 61. Closed-loop simulation between MATLAB and FB models. 
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An example is shown in Figure 62 where the controller of a motor simulation model 

is simply replaced by a UDP or a TCP socket. This solution requires a receiver and 

sender on both sides of the models. This approach also works for models purely 

written in MATLAB scripts (i.e. MATLAB model). 

 

Figure 62. An example Simulink model with UDP sockets or TCP sockets. 

 

This is particularly useful if distributed controller design is used. Instead of the 

Simulink controller in the original design, multiple sockets can be inserted into the 

Simulink model and communicate with the corresponding controllers on the Function 

Block development tools. Each of these controllers controls a particular device or 

subsystems. 
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If the simulation shows expected results, the Function Block controller design can be 

immediately deployed to the physical controller. The physical controller can also be 

tested with software Simulink model first through these sockets as well. 

The key to correct closed-loop simulation results is synchronization of both model 

environments. Due to different speed of execution, one, for example, plant, can 

produce data more frequently than the other (controller) is able to process. One should 

note also that plant model of Simulink works in the model time whose scale can be 

different from the real-time. The same is true for the controller in function blocks: its 

execution time during the simulation can be different from that when deployed to an 

embedded device. . In order to maintain the model time of both the MATLAB and 

Function Block models, a synchronization of data each sample time is required. This 

is achieved by applying a handshaking protocol between the sockets. The sockets are 

“blocked” waiting for the data from the other side before the model can carry on the 

execution. Several communication sockets can be set up in order to perform correct 

execution order between plant and controller models, even just for one of the 

controllers. 

As mentioned in chapter 4, Simulink simulates models based on model time step, 

which is shown in the timing diagram on Figure 63. The time step can be variable or 

fixed. Tn represents the execution time of the FB at each time step. A time step 

represents one cycle of execution in the closed-loop simulation. Within one time step, 

there could be multiple communications between the two models (see Figure 64). In 

other words, the execution order of both Simulink blocks and Function Blocks can be 

defined by user based on the system’s specification. Multiple distributed controllers 

can talk to the same Simulink model in one time step. In one model time step, all 

blocks should have been only executed once. 
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Figure 63. Timing diagram of closed-loop simulation based on Simulink's model 

time. 

 

Figure 64. Communication between two models can take place multiple times in 

one model time step. 

 

6.2. UDP and TCP Sockets in Simulink 

Simulink is a software design and modelling environment from Mathworks Inc., 

which provides a software environment for simulation and model-based design of 

dynamic control or embedded systems. It is tightly integrated with MATLAB. 
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Modelling in Simulink is done by creating a network of blocks, stored in the Simulink 

library.  There exist blocks that allow connection to external source (i.e. fetching 

data from physical devices or other software models, etc.). From the authors’ 

knowledge, there are three methods of implementing UDP/TCP connection in 

Simulink: 

 The xPC Target Simulink package provides a UDP non-blocking sender and 

receiver blocks. An example of its use is presented in Figure 65. “Pack” and 

“Unpack” blocks are used to pack and unpack data into a byte array. This 

array then can be sent and received through the “UDP Send Binary” and 

“UDP Receive Binary” blocks. Sometimes in Simulink the “Convert” block is 

used to convert the data into the data type format. 

 

Figure 65. An example using UDP communication blocks from xPC Target. 

 

 Developers can create their own communication blocks through S-Function 

block written in C code. Alternatively they can download the 

third-party-developed customized blocks (such as the TCP/UDP/IP Toolbox, 

etc.) from MATLAB Central File exchange. The TCP_SF_CLIENT2 block in 
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Figure 66 is one example of using the TCP/UDP/IP Toolbox with S-Function 

block. 

 

Figure 66. An example using S-Function block with TCP/UDP/IP Toolbox. 

 The official communication protocols package provided by Mathworks is 

Instrument Control Toolbox [22] (Figure 67). This toolbox provides 

communication with instruments using protocols such as TCP/IP, UDP and 

Serial interface (such as RS-232). 

 

Figure 67. TMTool that allows MATLAB to identify hardware and establish 

communication channel. 
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6.3. Service Interface Function Blocks 

Service Interface Function Blocks (SIFB) are used as an interface connection to any 

other Function Block application in other devices. Here SIFB can be used to create 

UDP or TCP sockets establishing the connection with the Simulink model, as shown 

in Figure 68. SIFBs can be programmed to define their own protocols by setting 

specific data types, IP addresses for sending and receiving data (including the port 

number). Figure 8 shows examples of SIFB pairs for UDP and TCP communication 

(i.e. sender and receiver). INPUT represents the input data value that is to be sent out 

by the sender. OUTPUT is the data received by the receiver. IP is the IP address 

where the data should be sent to. The receiver by default is receiving data from 

“localhost”. However, the IP value can be set to retrieve data from multi-cast IP. All 

the INPUT and OUTPUT are of the ANY type which casts to any data types allowed 

by the Function Block development tools. Therefore it is required to specify the types 

of data the sender and receiver are sending. The TYPE parameter represents the type 

of data the sender and receiver are dealing with. They have to be specified in the 

correct order to perform correct interpretation of the data. This parameter defines the 

protocol the socket will be using, and it can also be hidden and defined internally 

inside the SIFBs. The INIT event initiates the sockets. On the sender side, RSP event 

enables the sending process but it has no effect to the receiver side. On the receiver 

side, a blocking socket is implemented with multi-thread, which acts like a server that 

always waiting for data on a different thread to the main application. IND event will 

be emitted once data has been received and outputted.   
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Figure 68. UDP and TCP Sending and Receiving SIFBs. 

These SIFBs can also be customized to receive (or send) multiple data signals as one 

single package (as byte array). This is achieved by binding raw input data in a byte 

array before sending it out, and the receiver will be configured so that it knows how to 

ungroup the array back into separated data values. Figure 69 shows an example of 

UDP or TCP receiver Function Blocks with 5 data input and output. 

 

Figure 69. FB for receiving multiple data signals. 



 

137 
 

 

With the support of these communication Function Blocks, the Function Block 

Controller (called mController in Figure 70 for example) can be constructed and talk 

with the MATLAB Simulink models via UDP or TCP connection. 

 

Figure 70. Function Block Controller System with UDP Sockets. 

 

6.4. Different Simulation Scenarios 

Here is a summary of all the possible scenarios in which the co-modelling approach 

can be applied. In all these scenarios, it is assumed that the Simulink model of the 

systems already exists but now Function Block implementation is required.  

6.4.1 Function Block controller design 

If both plant and controller are modelled already in MATLAB or Simulink, then the 

controller section can be replaced by the communication block which “talks” to the 

new controller designed in Function Blocks. At the current status of development, if 

the algorithm is written in C, the algorithm can be duplicated directly with 

implementation with FORTE run time. Otherwise either the simple algorithm 
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translator (from MATLAB code to ST) is required or the algorithm has to be 

translated manually at this stage of development. If some changes have been made at 

the plant model side and new controller design is required, it is easy to make 

adjustment and to perform the closed-loop simulation again without changing the 

setup. 

6.4.2 Decentralization 

The biggest advantage of Function Block design is its decentralized implementation. 

When moving onto distributed control design, the original MATLAB (Simulink) 

models can still be reused. This can be achieved by separating the model into 

subsystems (still within the same Simulink model) and inserting communication block 

to each of the subsystems. The distributed controllers are linked with communication 

SIFBs as well in order to perform closed-loop simulation with the Simulink models. 

Figure 71 shows the closed-loop simulation setup with decentralized controllers with 

MATLAB plant models. Communication sockets are inserted in the MATLAB model 

to exchange control data information with Function Block controllers. 
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Figure 71. Closed-loop simulation setup with decentralized controllers. 

 

6.4.3 Multiple Simulink models 

Another way of performing distributed closed-loop simulation is by use of multiple 

Simulink models but this can only be achieved by opening a separate MATLAB 

instance for each model or using different PC to perform the execution. These models 

talk with their corresponding Function Block controllers and also exchange data 

between each plant model.  Figure 72 shows the communication setup where all the 

plant models and controller models are exchanging data through a common 

communication channel through the designed protocols.  One reason for doing this is 
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to enhance performance. If the model is more complicated, it improves the simulation 

performance by running models on separate machines and using communication 

channel to synchronize the model time of the closed-loop simulation. This type of 

set-up may become particularly useful if real-time simulation is required where the 

complex models are expected to be executed fast enough to match with the real time. 

This is similar to the real time digital simulator (RTDS) that is used to simulate 

complex power system models. And certainly, this simulation approach with Function 

Blocks can be applied with all sort of modelling environments such as RSCAD [110] 

or PSCAD [111] etc. However, this method is resource consuming.  

 

Figure 72. Simulation with multiple models by using a common communication 

channel. 
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6.4.4 Re-use specific parts of the Simulink model 

In some situations some parts of the plant model assist in making controller decision, 

such as in predictive control scenario. In this case, the part associated with predictive 

control has to be moved (or transformed) to the Function Block side. But in order to 

perform closed-loop simulation, the remaining parts of the plant model can still be 

used through interconnection with the Function Block controller via the 

communication channel. Figure 73 displays how model-based implementation can be 

switched to FB-based control implementation and how the closed-loop simulation can 

be set up. 

 

Figure 73. Closed-loop simulation setup for model-based control. 

 

6.4.5 Testing environment for transformed models 

The communication channel can help in testing the correctness of the transformed 

Function Blocks or Function Block systems. This is done by passing exactly the same 
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data input to both models and collecting data outputs from both models for 

comparison. 

 

Figure 74. Testing environment for transformed FB. 

 

6.4.6 Conjunction with Model Transformation Approach 

The socket communication can also be used in conjunction with the model 

transformation for the purpose of result comparison and data display. Again with full 

handshaking at every sampling time, the data from Function Block side can be passed 

to a Simulink model just for data analysis and display. It can also be used for 

comparing the output results of the transformed Function Block model with the 

original Simulink model. The output data of the Function Block model is sent to the 

Simulink environment. Then by the use of “Scope” block in Simulink, all the output 

data from both models can be compared graphically or in textual form (See Figure 

75). 
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Figure 75. Compare data and simulation results by using socket communication. 

 

6.5. Simulation Taking into Account Function Block Execution Time 

The previous set-up is based on the assumption that the controllers’ processing time is 

fast enough and is negligible in the closed-loop simulation. In other words, the 

controller part is assumed to be responding immediately in the closed-loop 

co-modelling simulation. However, in the cases with less powerful embedded devices 

or controllers, for example, the processing time of the controller becomes more 

critical and may affect dramatically the behaviour of the system. Therefore, in order 

to more correctly validate the system, a more realistic validation approach is required 
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by taking into account the processing time of the Function Block controllers in the 

simulation. 

This realistic simulation can be set up by introducing an intermediate program in 

between the Simulink plant models and Function Block controller models (see Figure 

76). Instead of feeding data just between the Simulink and Function Block models, all 

data are firstly sent to this intermediate program as well as all the time parameters of 

both models. The time parameters include the current model-time stamp (tn) in the 

simulation and the execution time of the Function Block controller implementation 

(Tn). The subscript “n” represents the n
th

 cycle in the closed-loop simulation. MDOn 

and MDIn denote the data output set and data input set of the Simulink model 

respectively at n
th

 cycle, while DIn and DOn denote the data output set and data input 

set of the FB model at n
th

 cycle. 

 

Figure 76. Intermediate program between two models allows the simulation to 

take into account of the FB execution time. 

 

Based on these time parameters, the intermediate program is able to determine the 

status of the data communication between the two models. The timing diagram in 

Figure 77 illustrates the details. A time step represents one cycle of execution in the 

closed-loop simulation, which can be computed by deducting the previous time stamp 
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from the current time stamp (i.e. tn-tn-1). The intermediate program can track down the 

time stamp and calculate the current time step. It stores all the data (MDOn and DOn) 

and makes the comparison of the time parameters (tn-tn-1 and Tn). Then it determines 

what data is to output back to Simulink model depending on the result of this 

comparison. This means DIn still equals MDOn but the MDIn set values to be 

determined by the intermediate program. If the execution time of the controller 

implementation is greater than the current model time step (see Figure 77), the 

Function Block controller output does not take effect until the next execution cycle. 

 

Figure 77. The execution time of the FB controller exceeds the current time step. 

 

Therefore the data input back to the Simulink model remains unchanged until the next 

time-step. In other words, 

      
                    
                  

  

At the next cycle of execution (i.e. n+1
th

 cycle), MDOn+1 then makes no effect on the 

FB controller decision because the previously computed result will be output in this 

cycle. In other words, MDIn+1 = DOn. 
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This realistic simulation set-up is particularly useful when the Simulink model is set 

to be simulated with a variable time step. The intermediate program is able to 

compare the time parameters at every time step even when the step sizes are different 

at different execution cycle. If the discrete simulation or simulation with fixed time 

step is chosen, the intermediate program may be simplified or neglected as the 

execution time of the controller is now only compared against a fixed value. This can 

be set-up simply in the model (either on the Simulink side or Function Block side). It 

is recommended to have the comparison in the Simulink side in this case, because it 

saves the effort of deducting the time for making such comparison from the total 

execution time of the Function Block implementation. 

The question now is how to get time parameters from both models. In the Simulink’s 

repository, a block called “clock” can be used to output the current model time stamp 

during the simulation as a numerical data type “double.” If the model is purely 

discrete, it is recommended to use “digital clock” to output the simulation time stamp. 

These blocks are shown in Figure 78 and the detail reference of them can be found in 

MATLAB’s documentation [22]. 

 

Figure 78. Simulink blocks that can output the time stamp parameters. 

 

On the Function Block side, the execution time can be obtained in several ways. One 

way is to measure directly from the controller during the simulation by taking the 

difference between the time stamp value at the start of the execution and the time 

stamp value at the end of the execution. However, the accuracy of this (real-) time 
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stamp may be affected by the OS overhead of the PC in which the 

MATLAB/Simulink application is running. Another concern of this method when 

running the simulation on a PC is that the control program may be interrupted or 

performing some garbage collection or other OS activities, so the computed execution 

time may be biased. This concern may be reduced if deploying the control code to a 

physical embedded device and performing closed-loop simulation with it. This can 

guarantee the program to be focusing on executing the control algorithm. The 

approach becomes useful for testing the performance of a physical controller in a 

closed-loop setup with the Simulink model. In this case, the execution time can be 

measured directly in the intermediate program where a time counter can be placed to 

measure the time stamp. The time period can be calculated by taking the difference 

between the time stamp when it sends data to the controller and the time stamp when 

it receives data back from the controller. 

Another way can be achieved by estimation based on statistical data collection after a 

certain large amount of simulation runs. The execution time data is an average value 

over these runs and should be fairly accurate even if some unexpected interrupts 

happen in between the execution of the control algorithm. There are also on-going 

projects (i.e. [112]) on timing analysis of Function Block, which follows this concept. 

ISaGRAF tool supports outputting the cycle time of the Function Block execution. 

This cycle time basically represents the execution time in one cycle. This is due to the 

fact that ISaGRAF Function Block implementation is based on a cyclic execution 

with fixed cycle time. 
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6.6. Example of Implementations 

This section describes the results of experiments with the co-modelling approach on 

three examples. In the first two examples, an industrial motor Simulink model has 

been used for the demonstration, shown in Figure 79. The motor example is 

composed of a controller and a motor driving a fan. The sensor readings from the 

motor and the fan are collected by the controller before passing the resultant control 

command to the motor. 

 

Figure 79. An example of motor Simulink model. 

 

The output result from the motor Simulink model can be seen in Figure 80. The most 

important output here is the EMF reading from the motor. In this particular motor 

design, this data indicates the desired behaviour expected from the motor. The sine 

wave signal is the main voltage just for reference purpose. The pulse-like signal is the 

output signal from controller to the motor. 
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Figure 80. Output results from the motor Simulink model. 

 

The third example is related to a power system model. The model is based on the 

IEC61499 implementation of the IEC61850 smart-grid concept, where the distributed 

logic nodes (LN) are represented by Function Blocks. A closed-loop model is formed 

by these distributed logic nodes and the Simulink plant model of the power system. 

6.6.1 mController example 

In this experiment, the controller algorithm is simply duplicated and re-created in the 

Function Block domain, called mController in this example. The original controller 

block in Simulink is now replaced with a socket communication block. A closed-loop 

simulation can be performed through SIFB and this socket communication between 

two platforms. The set-up is shown in Figure 81. This simulation output results 

captured from the Simulink scope are completely the same as shown in Figure 80. 
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Figure 81. Closed-loop Simulation between the FB motor controller and a plant 

Simulink model. 

 

6.6.2 Partial Transformation Example 

By applying the model transformation approach described previously, the motor part 

of this Simulink model is transformed into a FB model. As mentioned previously, 

socket communication can also be used when a subset of the Simulink model is 

transformed. The transformed Function Block system can communicate with the 

remaining untransformed part of the model to determine whether the results appear to 

be reasonable by observation. This can be useful when only a part of the original 
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Simulink model is required for the new design under Function Block environment. 

This layout then allows testing the transformed part of the model in a closed-loop 

manner with the remaining part of the original model. In order to compare the 

correctness of the result, a test environment is set up and follows the observer 

approach, as shown in Figure 82.  

 

Figure 82. Closed-loop simulation with the remaining un-transformed parts of 

MATLAB model. 
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Here, FBDK is chosen initially as Function Block development environment in this 

work, even though its execution semantics has known issues [103]. However, it is 

sufficient enough for academic demonstration, at such early stage of the development. 

The required modifications for other semantic models are expected to be minor. 

After replacing the motor part of the original Simulink model with UDP sockets to the 

transformed FB model, Figure 83 illustrates the obtained result. From inspection, the 

results are fairly identical where the purple line indicates the desired output. 

 

Figure 83. Output results from the transformed Function Block model. 

 

There are still some slight differences in the results, even with matching execution 

order and semantics. In order to explain this difference, a simple experiment with the 

derivative Function Block in the motor model has been conducted using a comparator 

block. Figure 84 shows the difference in the outputs of the derivative blocks. 

Simulink model produces a smooth output, while the output from FBDK results in 

some spikes. This is an expected influence of the discretization. This may be 

improved with more advanced modelling techniques or some averaging operation, 

when constructing the corresponding Function Blocks library. This exercise also 

demonstrated the importance of the execution priority. The result varies (i.e. out of 

phase) if the blocks are executed in a different order. 
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Figure 84. Result comparison of the derivative block in Simulink and FBDK. 

 

Although this methodology is based on a hypothesis that the behaviour of each basic 

Function Block used in the transformation is identical in execution to its 

corresponding Simulink block (i.e. the outputs are the same when provided exactly 

the same input at a specific time stamp), this is not fully true in our exercise. This is 

why the output results may seem to be slightly different. Some continuous blocks 

such as "Derivative" block and "Transfer Function" block can be created by more 

sophisticated modelling techniques. The source code of the library Simulink blocks is 

not publicly available, therefore the corresponding Function Block can only be 

created based on the behaviour expected and observed in Simulation. This can surely 

be overcome by an expert in the field of control system modelling to create block in 

industrially acceptable standard. However, in our exercise, these blocks are 

constructed in a simplified way that is sufficient and fairly close the "original" blocks 

from Simulink and are able to generate acceptable results for proof-of-concept 
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purpose. The model transformation certainly can simplify the modelling process and 

help in the Function Block design. 

The co-simulation approach has been also implemented with another FB execution 

environment 4DIAC [62]. Even though the latest version of 4DIAC disabled the 

support for importing of complete FBDK application into the development 

environment (which is available in their earlier build), the Function block library can 

still be imported and the exactly the same FB model can still be built (just that the 

XML format for the system file is different). The 4DIAC implementation set-up is 

presented in Figure 85. 

 

Figure 85. 4DIAC Implementation of the motor model with the co-modelling 

approach. 

 

In 4DIAC implementation, the SIFBs are all executed under FBRT. In order to 

preserve the execution order as the original Simulink model, several SIFBs are used in 
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the closed-loop simulation. In other words, some Function Blocks are only executed 

after receiving the feedback data from the Simulink model while some are executed 

before sending data to the Simulink side. 

6.6.3 Smart-grid Example 

The co-modelling approach has also been implemented and tested in an on-going 

project of smart-grid automation in power systems. The project based on two 

industrial standards: IEC 61850 and IEC 61499. This integration of both standards 

gives possibility of implementing “smart” grid idea for power system substation. IEC 

61850 standard defines information model and information exchange model for the 

substation automation but does not specify its concrete implementation [113]. The 

object-oriented concept is presented in abstract description of what the objects are and 

what is their behaviour. The IEC61850 implementation by means of the IEC61499 

standard adds a set of features, such as the distribution in operations. This feature of 

Function Blocks provides an opportunity to implement independent, distributed 

intelligent component, with ability to “collaborate” with other components and make 

decisions. In other words, LN is implemented as a complete Function Block and 

enhanced with “intelligence” (control algorithm). 

The LNs present information model of the equipment or automation function. FB 

implementation of LN (ILN – intelligent logical node) includes the information model 

and the controller (“intelligence”) of this   . Thus, to test/simulate I  , it needs to 

interface to the corresponding primary equipment (circuit breaker, switch or 

transformer) in Simulink model or real physical equipment. Following the 

co-modelling approach, ILN connected to corresponding equipment model in 

MATLAB represents complete model of the real physical equipment. So the FB 
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model of the power system utility is a network of the ILNs; and to test the control 

model, each of ILNs interfaces to corresponding equipment/automation function of 

the power system utility model in Simulink; thus it can control the utility or gather 

data (switch position, current or voltage). Therefore, Simulink model of the utility is 

tightly coupled with FB control model through extensive control and data exchange. 

Figure 86 shows the closed-loop test bench set-up based on the co-modelling 

approach. On the left hand side is the Sample utility modelled according to IEC 61850 

from the library of FB LNs and implemented as a system configuration in Function 

Blocks environment. By using the co-modelling approach, it is able to interface with 

power system simulation engine through UDP/TCP communication sockets. The 

simulation engine imitates sample substation operation in real world. Thus 

collaborative restoration of power supply can be tested and demonstrated. 

 

Figure 86. Smart-grid example of using co-modelling approach [114]. 

 

Such closed-loop simulation exercises have been demonstrated with various 

simulation scenarios presented in the work [114-116]. One example of the scenario is 
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shown in Figure 87 where communication sockets are added in the both Function 

Block and Simulink models for the simulation purpose according to co-modelling 

approach (marked with red). The simulation results of this closed-loop model are 

shown in Figure 88, indicating all the readings from the plant model. This simulation 

set-up helps immediately determine if the intelligent nodes (ILNs) have been designed 

appropriately and behave properly to handle specified scenarios (i.e. in this particular 

example, a fault happened on CB1 section where the intelligent nodes should be able 

to restore the power supply on ROS1 and ROS2 sections). 

 

Figure 87. One smart-grid simulation example where multiple communication 

sockets are placed in the closed-loop model. 
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Figure 88. Closed-loop simulation results from the smart-grid model [114]. 

 

6.7. Summary 

This chapter presents the co-modelling approach with discussion on how the timing in 

the simulation is considered. Several simulation scenarios have been presented. The 

work has been demonstrated with three experimental examples. The motor model 

presents an example of lower level control design on controlling a single device, 

while the smart-grid example shows a higher level design perspective of using 

distributed controllers in a system. 
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7 
Chapter 7. Conclusions and Future Works 

 

7.1. Conclusions 

This work began by outlining the demand for flexibility and reconfigurability in the 

automation world. After reviewing the state of art development in distributed 

intelligent control area, it is evident that there are certain advantages in applying 

distributed intelligence in control to fulfil this demand. However, at the current state 

of the development, design based on IEC61499 Function Blocks faces two challenges 

in the design process: complexity and industrial acceptance. This reveals a demand 

for better design and validation environment. Two engineering approaches have been 

proposed and are aiming to provide such design and validation environment for 

Function Blocks: 
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 Model Transformation approach 

 Co-modelling approach 

The model transformation approach has the advantage of having the closed-loop 

system all modelled under Function Block environment. In this approach, the 

Simulink models are transformed into Function Block models, and the transformed 

models are guaranteed to produce exact same outputs as the original Simulink models 

under the specific assumptions. The transformation to Function Block environment 

allows benefiting from the object-oriented encapsulation concept that uses 

instantiations of FB types, which enhances software-reusability. This approach is also 

particularly useful for model-based control implementation such as predictive control 

or control with prediction/estimation. However, precision of MATLAB/Simulink 

modelling at the moment is a lot higher than of Function Blocks which, originally, 

was developed for discrete control. Modelling in Function Blocks with equivalent 

precision would require migration of many proprietary model block libraries from 

Simulink and further enhancements in FB compilation and execution.   

The co-modelling approach relies on common communication channels to construct 

the closed-loop models. The controller implementation is done in Function Blocks 

while the plant model is implemented in Simulink environment. The advantage of this 

approach is that no modification is required on the existing Simulink models while the 

control design can be validated through closed-loop simulation with these plant 

models. In terms of time and cost-saving, this approach allows an easier set-up 

comparing to the transformation approach. Combined usage of both models gives 

more flexibility in the design process. Various scenarios have been considered in this 
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research. Also the combination of co-modelling approach with the model 

transformation approach can provide some additional benefits. 

A model transformation tool has been developed, which allow transforming Simulink 

models to Function Block models. This has been tested with an industrial motor 

model. The transformed models is able to produce fairly the same output as the 

original model, despite there is still a minor problem with precision in modelling 

everything under discrete domain (Function Block domain). 

The co-modelling approach has been implemented by using UDP or TCP sockets to 

establish communication between the two models. Experiments have shown a quick 

solution to simulate design in closed-loop. Two models have been tested with this 

approach, including a motor model and a power control system model. The 

experiment has correctly displayed the expected output results. This approach can be 

used to help in testing the model transformation approach. An experimental example 

has been presented with the previously transformed motor model. 

The chicken-or-the-egg causality dilemma on who should lead in the development 

process of IEC61499 standard still remains as the problem between the academics and 

the industries. The proposed approaches have provided Function Blocks users 

alternative choices in design while waiting for a developed validation environment 

fully compliant to the standard. 

7.2. Recommended Future Works 

The model transformation tool still requires some further improvement, which must 

be closely synchronized with the IEC61499 compliant development tools. These can 

only be achieved once the development tools have reached certain maturity level. The 

recommended features for future improvement are as follows: 
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 A user-interface (UI) can be added to any development tools in the future, 

providing a mechanism of importing Simulink models into Function Block 

environment. 

 A better algorithm translation tool can be developed for translating MATLAB 

code into languages supported by the FB development tools. 

 Both the approaches can be tested with more industrial examples. This helps 

in further refining and expanding the usability of the approaches. Also this can 

push forward the Function Block based design into the market. The 

co-modelling approach can be tested with specific physical control 

implementation where the execution time of Function Blocks can be 

calculated and taken into play. 

 A better geometry layout solution should be provided in the future. This is 

completely tool-oriented and is a recommended add-on to all FB tools. 

 A support for parallel ECC is currently under investigation as described in the 

thesis. Future support of transformation of parallel state from Stateflow can be 

considered. 
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