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  Abstract 

Tuning of process control parameters such as times, positions, velocities and paths, in order to 
increase the production rate with the same or higher availability, is today a challenging on-
line task in many manufacturing industries. It is not uncommon to have hundreds of 
parameters subjected to tuning even in small manufacturing systems.  On-line methods also 
disturb the production and can cause unwanted production stops. Literature offers virtual 
manufacturing and simulation based optimisation methods as an approach, but with the lack 
of handling time critical control functions, e.g. motion control.  
 
This thesis presents a generic framework for simulation based tuning of process parameters. 
The idea is to use a time synchronised hardware-in-the-loop simulation including real 
industrial control systems. By this approach the framework provides a distinct advantage as it 
involves complex control functions by using the real control code. An additional benefit 
herein is that all tuned process parameters can be directly transferred to the control systems in 
the manufacturing plant, without any interpretation errors or costly implementation time.  
 
A generally applicable optimisation algorithm suitable for all manufacturing processes 
probably does not exist. However, common simulation based tuning conditions such as highly 
non-linear functions, a considerable number of parameters, and long evaluation times are 
discussed in the thesis. Also, the non-trivial problem of finding optimisation algorithms that 
can handle these conditions is stressed. Consequently, different types of algorithms will be 
possible to implement in the proposed framework. 
 
To verify the framework’s suitability in industrial applications, an off-line parameter tuning 
case study has been performed, including the evaluation of three optimisation algorithms. 
Improved production performances, both in terms of increased production rate and smoother 
robot motions, were reached in an automotive sheet-metal press line study. The results also 
indicate a possible future optimisation approach by combining two promising optimisation 
algorithms, which will be investigate in future work. 
 
 
 
KEYWORDS: Simulation based optimisation, Virtual manufacturing, Industrial control 
system, PLC, Continuous simulation, Parameter tuning, Optimisation methods. 
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Chapter 1 

 Introduction 

Increased utilisation of manufacturing systems is an ever present industrial challenge. 
Demands on improved productivity combined with reduced tied up capital and fewer 
employees are constantly increasing. All in order to match the global competition and survive 
as a world class company. Many corporations have ongoing research projects and activities 
aiming at increasing their production throughput. For example, at General Motors, Alden et 
al. [1] have created an internal throughput analysis tool which has saved billions of dollars.  

Another more straightforward approach, for increasing the production rate with the same 
or higher availability, is to tune the process control parameters, e.g. times, positions, velocities 
and paths. However, in industry today, process parameter tuning in automated manufacturing 
systems is mostly a manual, highly empirical, on-line process, as illustrated in Figure 1. 
Furthermore, it is not uncommon to have hundreds of parameters subjected to tuning even in 
small manufacturing systems. Optimising procedures may vary widely from person to person 
and from shift to shift. Automated manufacturing systems, including both material processing 
and material handling with fast motions, are particularly hard to tune because of the time 
critical synchronisation between a number of control tasks and the production equipment.  

 

PLC 

Operator at control panel 

Manufacturing plant 

Figure 1. Manual on-line process control parameter tuning method. 
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Since on-line optimisation methods disturb the production and can cause unwanted 
production stops, there is a need for off-line process parameter tuning methods. Simulation 
based optimisation using real control systems, as illustrated in Figure 2, allow the same 
control code to be executed as in the manufacturing plant. Hence, tuned process control 
parameters can be directly transferred to the control systems in the manufacturing plant 
without any interpretation errors or costly implementation time.  

 

1.1. Definitions 
PLC 

The control tasks in an automated manufacturing system are handled by one or more, 
common or specialised, industrial control systems, e.g. PLCs, continuous feedback, servo, and 
robot controllers. An industrial programmable logic controller (PLC) of today not only 
handles discrete events and supervisory control, but also analogue feedback, motion control, 
positioning control, and other time critical functions. Therefore, in this thesis, PLC is defined 
and used as a general name for such industrial control systems.  

 
Complex control functions 

The tasks in an automated manufacturing system often result in complex control 
functions. In this thesis, complex control functions are defined as systems which 
simultaneously manage a majority of the following tasks: 

▪ discrete event control of ≥ 150 inputs/outputs, 

▪ feedback control of analogue signals, 

▪ motion control of servo axis, 

▪ robot path planning and following, 

▪ supervisory control of motions in common zones, 

and which result in more than 50 000 lines of control code, where the control code is the 
implementation of the control function in the specific PLC. 

PLC 
Virtual manufacturing model 

Optimisation algorithm 

Figure 2. Simulation based optimisation using real control systems. 
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1.2. Objective 
The objective of this thesis is to combine simulation based optimisation with a virtual 
manufacturing model using real control systems, as shown in Figure 2. The goal is to develop 
an off-line parameter tuning method for automated manufacturing systems that handles time 
synchronised complex control functions. In simulation based optimisation, the simulation 
model should preferably be treated as a ‘black box’, a feature that is captured by a virtual 
manufacturing model. The industrial goal is for this research to result in a useful off-line 
optimisation method, where it is possible to directly transfer tuned process control parameters 
from a simulation to the manufacturing plant.  

1.3. Research questions 
The main research questions in this thesis are: 

I. What are the required properties for a realisable virtual manufacturing model that 
can handle time synchronised complex control functions? 

II. How can a practically useful simulation based parameter tuning framework, related 
to research question I, be formulated? 

III. What are the requirements for optimisation algorithms handling research question I 
and II? 

IV. Is it possible to apply algorithms that consider the requirements in research question 
III for a specific manufacturing process? 

1.4. Main contributions 
The main contributions in this thesis can be summarised in the following six items: 

I. A general virtual manufacturing concept including real PLCs for programming, 
verification and optimisation of complex control functions has been proposed. This 
concept allows the manufacturing PLC control code to be executed in the simulation 
environment. Hence the tuned control parameters can be transferred directly to the 
manufacturing plant. 

II. A time synchronised virtual manufacturing model of a complex industrial 
manufacturing system, an automotive sheet-metal press line, has been implemented 
and validated. Accordingly, the proposed concept has been shown to be realisable. 

III. A generic framework for simulation based process parameter tuning for automated 
manufacturing systems has been identified and proposed. This framework can be 
applied to different manufacturing processes, and various components in the multi-
criteria objective function can be weighted to reach different goals. 

IV. General requirements on optimisation algorithms, aimed at industrial manufacturing 
systems handling time synchronised complex control functions, have been stated 
and investigated. 
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V. Different types of optimisation algorithms have been examined, implemented and 
evaluated against the stated general requirements. The conclusions are based on the 
automotive press line case study. 

VI. An off-line optimisation of the implemented automotive sheet-metal press line with 
improved production performances has been performed. 

1.5. Limitations 
There are some limitations in this thesis constraining the scope of investigation.  

▪ The proposed virtual manufacturing concept is limited to automated manufacturing 
processes, i.e. manual operations are not investigated in this thesis.  

▪ Only control parameter tuning is taken into account as optimisation method, even 
though there are other possibilities to improve performance such as modified control 
strategy and control code optimisation, etc. 

▪ The verification of the proposed optimisation algorithms is only carried out on an 
automotive sheet-metal press line. Even though this application was shown to be 
complex, other applications/conditions may exist where suggested algorithms do not 
converge. 

1.6. Outline of thesis 
This introduction is followed by Chapter 2, summarising previous work with optimisation and 
virtual manufacturing models and ending up with some identified issues needing to be 
addressed. In Chapter 3 a generic framework for simulation based process parameter tuning is 
proposed as an approach for handling the addressed issues in Chapter 2. The generic 
framework includes two parts: the virtual manufacturing model, discussed in more detail in 
Chapter 4, and the process optimiser, discussed in Chapter 5. A case study of an automotive 
sheet-metal press line is presented in Chapter 6, and Chapter 7 summarises the parameter 
tuning results. Finally, Chapter 8 concludes and discusses future work, followed by a 
summary of the appended papers in Chapter 9. 
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Chapter 2 

 Previous work 

Obtaining an off-line process parameter tuning method requires both appropriate simulations 
and suitable optimisation methods. Great amounts of research have already been done in these 
areas with useful results. However, the focus on automated manufacturing systems that handle 
time synchronised complex control functions, puts an additional demand on both the 
simulation and optimisation which, to the author’s knowledge, are not yet solved.  

2.1. Optimisation methods 
Customary optimisation methods assume a mathematical function description of the process 
to be optimised. However, automated manufacturing systems that handle real-time dependent 
complex control functions are not possible to describe using mathematical functions.  

Andradottir [2] describes simulation based optimisation as a method when the system to 
optimise is that complex that it is necessary to use simulation to evaluate its performance for 
each set of parameter values. Kleijnen [3] declares that an essential characteristic of 
simulation based optimisation, compared to mathematical programming, is that in simulation 
the objective function is not known explicitly, in fact, this function is defined by the 
simulation model. Both Andradottir and Kleijnen treat the simulation model as a ‘black box’, 
i.e., they assume that the performance of the system of interest depends on the values of the 
input parameters and they consequently only observe the inputs and outputs of the simulation 
model. Simulation based optimisation constitutes state of the art when the objective function 
is not possible to describe explicitly, which is the case when dealing with complex control 
functions. Thus, simulation based optimisation is a suitable method for off-line parameter 
tuning. 

2.2. Virtual manufacturing 
Onosata and Iwata [4] have developed a virtual manufacturing system concept which makes it 
possible to estimate manufacturing processes without using real facilities. A virtual 
manufacturing system comprises a number of integrated models which represent all vital parts 
of a real manufacturing plant, and which simulate its physical and logical behaviour. In an 
automated manufacturing system, the control parameters constitute inputs to the process, and 
the manufacturing system performances can be observed as outputs of the system. Hence, the 
virtual manufacturing system can be treated as a ‘black box’. 

In reality, virtual manufacturing is a computer based system which includes process 
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knowledge. A virtual manufacturing system integrates manufacturing activities using models 
and simulations instead of objects and their real world operations. Already in 1994, the 
concept, significance and related key techniques of virtual manufacturing were discussed and 
addressed by Lawrence Associate [5]. 

Several approaches of simulation based optimisation combined with varying types of 
virtual manufacturing systems have been found in the literature. As an example, Li et al. [6] 
propose virtual machining to reach an off-line NC (numerical control) machining 
optimisation, although restricted to one single NC machine with only two process parameters. 
However, to the author’s knowledge, none of these approaches can manage manufacturing 
systems that handle complex control functions. 

2.3. Simulation tools 
Computer aided production engineering (CAPE) is a general term for production-related 
simulation tools which, in industry today, constitute state of the art for simulating 
manufacturing systems. There is a distinction between the two types of simulations in CAPE 
tools used for PLC control function tasks: discrete event simulation and continuous simulation 
(also referred to as geometric simulation). Both types are discussed and overviewed by, 
among others, Klingstam and Gullander [7]. A common feature of CAPE tools is their ability 
to simulate several types of manufacturing scenarios on various levels, where a variety of 
production resources and control function representations etc. are integrated into the 
simulation. Discrete event and continuous simulation are complementary simulation tools, 
aimed at different purposes. Discrete event simulation helps designing a manufacturing 
system, where the goals are to streamline the flow of material while minimising the amount of 
capital equipment required. Discrete event simulation can report not only the production of 
the manufacturing plant but also the utilisation of each piece of equipment. Continuous 
simulation handles time dependent aspects such as motions, speed and cycle-times in the 
manufacturing system. Consequently, is it the continuous simulation type of CAPE tools, e.g. 
computer aided robotics (CAR), which is required when tuning process control function 
parameters.  

However, the representation of the control functions in CAPE tools is usually conducted 
on a general level and described using a simplified model of the main functional behaviour of 
the real PLC. An example of a simplified control function representation in a CAPE tool may 
be a Sequence of Operations list. Consequently, with simplified PLC models, the real 
complex control functions, including motion controls etc., are not executed.  

Many CAPE tools also offer different types of optimisation, e.g. product flow 
optimisation and scheduling. However, these optimisations are restricted to the simplified 
representation of the real PLC control code in the CAPE tools. Thus the results from such an 
optimisation are limited to data mainly in terms of guidelines, which generally cannot yield 
any tuned process parameters without manual post-processing and transformations. 
Consequently, a separate optimisation tool, which tunes the process control parameters, is 
required when dealing with automated manufacturing systems. 

2.4. Real PLC in the simulation 
A solution to the CAPE tools drawback of simplified PLC models is to use a hardware-in-the-
loop (HIL) simulation. HIL simulation, described among others by Ledin [8], is a real-time 
simulation method in which real hardware, e.g. PLC, is embedded in the simulation. HIL 
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simulation as a means of testing control systems is not new, the aerospace industry has been 
using this technique ever since software first became a safety-critical aspect of flight control 
systems [9].  

Freund et al. [10] have identified and described the integration problem between real 
PLC and the remaining part of the simulation model. The main problems identified include a 
lack of time synchronisation and a real-time data transfer mechanism. The time 
synchronisation problem is due to the fact that the CAPE part of the simulation model runs in 
another time space (virtual time) compared to the introduced PLC, which runs in real-time. 
Ma et al. [11] identify the problem with real-time dependent control system functions, e.g., 
timers, when other parts of the simulation run in virtual time.  

A common solution to the time synchronisation problem found in the literature is to 
assume that the simulation model always runs faster than, or equal to, the PLC. This is 
described by, among others, Hendricks and Eickhoff [12], Stoeppler et al. [13], Jönsson et al. 
[14] and Li et al. [15]. It is thus possible to slow down the simulation model to make it run in, 
or close to, the PLC real-time. However, to fulfil these optimistic assumptions, the CAPE 
based simulation models sometimes have to be strongly simplified even in trivial 
manufacturing cases. Time synchronisation problems can certainly arise when a complex 
manufacturing system is treated. Freund et al. [10] present an algorithm, integrated in the 
three-dimensional workcell simulation system COSIMIR, for solving the time 
synchronisation problem when the simulation model runs at a speed slower than the PLC 
representation. The aim of their algorithm is to speed up the visualisation part of the 
simulation as a means of accomplishing time synchronisation. This, however, is still premised 
on the same optimistic assumption as described above, and even though it solves the time 
synchronisation problem for some types of applications, it is not applicable on complex 
simulation models.  

Buchler et al. [16] present Ibex, a real-time simulation software framework for HIL 
simulation. It is a modular architecture and it uses real PLC, but it is still based on the 
assumption that the simulation model always runs faster than, or equal to, the PLC. To get a 
fast simulation model, Ibex uses simplified shape primitives for visualisation and collision 
detection. However, this is only applicable on simple applications with few objects and not on 
complex simulation models. 

Another modular HIL architecture called ‘soft-commissioning’ is described by 
Schludermann et al. [17], VorderWinkler et al. [18] and Auinger et al. [19]. Soft-
commissioning makes it possible to connect a PLC to a discrete event simulation. In order to 
time synchronise the simulator with the PLC, the simulator is stopped and a search for inputs 
that have changed is carried out by an interrupt routine. The simulator is then forced to sleep 
for the rest of the cycle. Soft-commissioning is intended to work with reaction times of 
around 100 ms. Due to this reaction time, certain fast control functions, e.g. motion control, 
cannot be handled. Other drawbacks of this approach are that the input/output device driver 
must support many different input/output solutions in order to be general. Furthermore, the 
method does not guarantee that the simulation will manage hard real-time. 

Proctor and Shackleford [20] have, however, shown that, for a non-real-time designed 
architecture, e.g. Windows or Linux, a remaining non-deterministic time variation will always 
exist. This time variation, even when small, implies soft real-time. A non-CAPE based 
approach to the problem of soft real-time is e.g. described by Bettendorf [21]. The approach is 
to move the entire simulation model into a real-time system, e.g. by connecting two PLCs 
together. The first PLC acts as a model of the manufacturing system, whilst the second 
executes the control functions. Even though this approach represents an improvement, it still 
lacks a synchronisation mechanism. Furthermore, Bettendorf’s approach is limited because of 
the difficulty in implementing a complex manufacturing system simulation model in a PLC.  
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The latest state of the art CAPE technology offers OPC connections to real PLC. The 
OPC interface offers a standard for information exchange between PLCs and their 
surrounding environment, in this case the CAPE tool. This allows the PLC to connect to the 
simulated machine or process in a way that is similar to reality. Examples of CAPE software 
with an OPC interface include Delmia Automation [22], Visual Components [23] and Process 
Simulate [24].  However, as described by Carlsson et al. [25], the use of an OPC interface still 
does not address the time synchronisation problem and it cannot handle time critical control 
functions, e.g. motion control. 

2.5. Distributed simulation 
In extensive and complex simulation scenarios, the total execution time may be considerably 
lengthy and thus industrially impractical. One way to reduce the total execution time is to 
distribute different parts of the simulation to separate processors, possibly on a parallel basis, 
in order to form a cluster. Iwata et al. [26] designed a DSM (distributed simulation manager) 
in order to execute distributed simulation within a computer network in a consistent manner. 
To achieve time synchronisation, it uses a universal clock with a flexible time interval. It 
offers a distributed environment for the simulation of manufacturing systems, but only with a 
simplified PLC model. Another server-client based concept called DMSE (distributed 
manufacturing simulation environment) is presented by Ma et al. [11]. A CAPE tool is used 
as a visualisation client and a soft PLC represents the control system. The server is 
responsible for time synchronisation and for directing the simulation. However, the time 
synchronisation only works for the CAPE part of the simulation and not the PLC. Hence, this 
concept is only suitable for non-time-dependent control functions. 

2.6. Summary 
Simulation based optimisation using distributed HIL simulation with real PLC is an excellent 
method of obtaining off-line parameter tuning of complex control functions in an automated 
manufacturing system. However, when summarising previous work, the following issues have 
been identified and need to be addressed: 

▪ The lack of a time synchronisation mechanism that comprises the entire (distributed) 
simulation including PLC. 

▪ The problem of how to include all complex control functions in the simulation. 

▪ The lack of an optimisation tool tuning the PLC control parameters in the HIL 
simulation. 

▪ The problem of how to receive tuned process parameters directly transferrable to 
real PLC in the manufacturing plant. 
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Chapter 3 

 A generic framework for simulation based 
process parameter tuning 

To handle the four identified and addressed issues in the simulation based optimisation 
approach described in the previous section, a generic framework combined with the following 
three steps of progress is proposed.  
 
Introducing a common time and a time synchronisation mechanism for the entire hardware-
in-the-loop simulation including PLC.  

All parts in the simulation will be time synchronised and work in virtual real-time, 
guaranteeing a deterministic behaviour. This implies that the assumption of CAPE tools being 
faster than the PLC are not needed, and furthermore all real-time dependent complex control 
functions, e.g. motion control, will be included. 

 
Executing the same PLC control code in the hardware-in-the-loop simulation as in the 
manufacturing plant.  

The control code is the true implementation of the control functions where parts of the 
code, e.g. motion control blocks, may be PLC vendor properties. Executing the same code 
implies that all complex control functions will be included in the simulation and the tuned 
process parameters are directly transferrable to the real PLC in the manufacturing plant.  

 
Connecting a process optimiser to the hardware-in-the-loop simulation.  

The process optimiser consists of production performance calculations and optimisation 
algorithms suitable for actual manufacturing processes. The optimisation is based on a 
repeated evaluation of the process parameter settings in the HIL simulation, treated as a ‘black 
box’, i.e. only the inputs and outputs of the simulation are observed.  

 
Furthermore, Drath et al. [27] formulate five items of industrial requirements for a 

successful introduction of virtual commissioning environments into the engineering workflow 
and for enabling virtualised optimisation: 

▪ real control code, 

▪ real engineering tools, 

▪ embeddability, 

▪ extensibility, and 

▪ virtual controllers. 
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It will be shown that with the proposed framework and the three steps of progress, all these 
five items can be fulfilled. 

3.1. Generic framework 
A generic framework aimed at simulation based tuning of process control parameters is 
proposed by connecting a process optimiser directly to a virtual manufacturing model 
including real PLCs, see Figure 3.  

The process optimiser initiates the virtual manufacturing model and calculates essential 
production performances from the simulation model responses. Further, it also includes 
optimisation algorithms suitable for actual manufacturing processes and it handles the 
repeated executions of the virtual manufacturing model. The purpose of the virtual 
manufacturing model is to evaluate actual process parameter settings and to respond as in the 
real manufacturing process. The virtual manufacturing model is a time synchronised HIL 
simulation, executed as a discrete-time simulation with a fixed time step. It uses real PLCs 
and the same control code as in real manufacturing plant. Using the same control code has the 
superior advantages of: 

▪ no interpretation errors, and  

▪ no costly implementation time of tuned parameters. 

The control code in the manufacturing plant consists not only of the control functions but also 
of a large amount of security functions, which affect the handling and timing of the control 
functions in the PLC. The security functions are designed both to avoid damage to equipment 
and/or tools and to prevent personal injury. Using the real control code in the virtual 
manufacturing model assures the same PLC behaviour as in the manufacturing plant. 

This generic framework can be applied to different types of automated manufacturing 
systems. 

 

 

Figure 3. A generic framework for simulation based process parameter tuning. 
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3.2. Process parameters and objective function 
All process control parameters which are to be tuned, e.g. times, positions, velocities, paths, 
etc. are formed as a parameter vector  

 
 [ ]nppppp 21=  (1) 

 
where np is the number of real parameters to be tuned, that is np

pQp R⊆∈ . The parameter 
constraints consist of the tuning process parameter limitations according to  

 
 max,min, jjj ppp ≤≤  (2) 

 
where pj,max and pj,min are the upper and lower parameter limits, e.g. on positions, speeds, 
accelerations, etc. for all control parameters pj to be tuned for j = 1 to np. 

Even though an increased production rate seems to be the main target for the industry, 
this is not necessarily obvious in an automated manufacturing plant. A maximised production 
rate may cause increased wear on the production equipment, which in turn may cause long 
and financially costly production disturbances and production stops. Thus, the objective 
function to optimise needs to be varied in order to reach different and/or combined industrial 
targets, e.g. high production rate, soft motions, low wear, low energy consumption, etc. The 
general objective function f accordingly constitutes an input to the process optimiser and is 
defined as 

 
 ngng gcgcgcf +++= ...2211  (3) 

 
where ci are weight values to be chosen to get a good compromise between the ng number of 
desired production performances gi ≥ 0. 

The final output result from the process optimiser, which also constitutes the output from 
the generic framework, is the tuned process parameters p*. These tuned process control 
parameters are directly transferrable to the PLC in the manufacturing plant, since the same 
PLC and control code is used both in the virtual manufacturing model and in the real 
manufacturing plant. 

3.3. Off-line parameter tuning method 
The process optimiser initialises and starts one evaluation of the simulated process in the 
virtual manufacturing model with a defined initial parameter vector p0. An evaluation includes 
both a measuring cycle, i.e. a production cycle processing at least one component and, if 
required, warm-up cycles. The evaluation of the parameter vector p in the virtual 
manufacturing model yields the output function 

 
 [ ])()()( phpHph fail=  (4) 

 
where {0,1})( ∈phfail indicates non-failure/failure in the production, e.g. failure due to 
collision. The matrix H(p) is composed of column vectors ny

ki pty R∈),( , containing the 
actual values of all ny numbers of vital individual process variables yj at each time step tk, 
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according to 
 

 [ ]),(),()( 1 ptyptypH kNk =  (5) 
 

where N is the number of time steps in one measuring cycle. From these received results the 
process optimiser then calculates individual actual production performance values gi by the 
function 

 
 [ ]nggggphg ...))(( 21= . (6) 

 
The individual performance values may be production rate, speeds, accelerations, etc. 
Furthermore, the optimisation algorithm calculates, from the given objective function 
f(g(h(p))) in (3), and the constraints in (2), the next parameter vector p to be evaluated in the 
simulated process. This can be done in many different ways, where three specific approaches 
are discussed and evaluated in this thesis, see Chapter 5 and 7. The iterative procedure 
continues until the optimisation stop-criterion is satisfied. This off-line parameter tuning 
method is summarised in Figure 4. 

 

 
 

Figure 4. Off-line parameter tuning method. 
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3.4. Summary 
A generic framework for tuning of process parameters has been formulated. It is formed by 
combining simulation based optimisation with a virtual manufacturing model using real 
industrial control systems. The proposed framework is valid for automated manufacturing 
processes. Various components in the objective function can be weighted to reach diverse 
and/or combined targets, e.g. high production rate, soft motions, low wear, low energy 
consumption. All off-line tuned process parameters can be directly transferred to the control 
systems in the manufacturing plant. This is achieved as the manufacturing model involves the 
complex control functions by using the real control code. 
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Chapter 4 

 The time synchronised virtual 
manufacturing model 

A convenient general time synchronised virtual manufacturing model including real PLCs is 
shown in Figure 5. The model represents the function h(p) in (4). It is aimed at automated 
manufacturing systems handling real-time dependent complex control functions, e.g. motion 
control. This virtual manufacturing model is based on an architecture developed by 
Danielsson [28], the synchronised distributed simulation protocol (SDSP), which includes a 
simulation engine. The architecture is designed to address the time synchronisation problem, 
but also to handle distributed simulation. There are no limitations on the numbers of PLCs 
and physical resource representations to connect, but at least one of each should be connected 
to form a virtual manufacturing model. The open communication interface allows a number of 
various types of tools to be connected, in this case the process optimiser.  

This is somewhat similar to the results of Bernhardt et al. [29], concerning the realistic 
robot simulation (RRS) project, in which a simulated robot control system was used together 
with CAPE tools. In contrast to the RRS, the entire PLC, and indeed far more complex 
situations, can be handled in the virtual manufacturing model. Hence, including the entire 
PLC implies that the same control code used in the real manufacturing plant also can be used 
in the virtual manufacturing model. 

 

 

Figure 5. General time synchronised virtual manufacturing model. 
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4.1. SDSP architecture 
The SDSP architecture is mainly responsible for, see Figure 5: 

▪ a common simulation time,  

▪ a time synchronisation mechanism, 

▪ common simulation signals, 

▪ communication within the entire simulation, and 

▪ the handling of a distributed simulation. 

A common synchronised time, a virtual real-time, guarantees a deterministic behaviour 
of the entire simulation. Virtual real-time is the virtual manufacturing model representation of 
hard real-time in the manufacturing plant. Virtual real-time is accomplished by the common 
simulation time and the time synchronisation mechanism in the architecture as described by 
Carlsson et al. [25].   

The architecture’s common simulation signals, e.g. servo values and process 
inputs/outputs, combined with the open communication interface, make all time synchronised 
signals accessible not only within the entire simulation but also for various types of external 
analyses, optimisation and supervisory tools. 

Distributed simulation admits complex virtual manufacturing models to be divided and 
executed on several processors in order to decrease the simulation time. It is possible to 
connect different computers, with respect to their own specific operating systems to the 
architecture, allowing an increased opportunity to choose more types of software tools. 

Whilst the architecture and connected PLCs and tools mainly communicate via TCP/IP, 
other methods of communication are also possible, for instance OPC, DDE (direct data entry) 
and RS232 (serial communication standard). In this way, it is possible to model complex 
manufacturing systems where PLCs and CAPE tools from different vendors are used together. 

4.2. Physical resource representation 
Physical resources such as robots, process related devices, conveyors, CNC (computer 
numerical control) machines, etc. are preferably modelled in industrially available CAPE 
tools connected to the SDSP architecture, see Figure 5. An advantage with CAPE tools is that 
they usually offer a predefined library of models or the possibility to create user-defined 
libraries. Further, they also offer an interactive user interface for straightforward modelling, 
simulation and data integration with e.g. CAD/PLM (computer aided design/product lifecycle 
management) tools. CAPE tools, utilising discretised time with equal time steps, constitute 
preferable tools in the time synchronised virtual manufacturing model. Other characteristic 
and useful CAPE properties are three-dimensional geometrical descriptions, kinematics and 
collision detection.  

However, even if modern CAPE tools offer numerous modelling facilities, they may lack 
specific process related properties. The SDSP architecture is therefore designed to handle a 
greater range of general modelling tools attached to the virtual manufacturing model, e.g, 
MatLab, LabVIEW, Excel or user defined models described in any suitable programming 
language. 

All electrical signals, signal paths and hard wired logics in the manufacturing plant are 
also parts of the physical resources and need to have an equivalent representation in the 
virtual manufacturing model. In an automated manufacturing system, the number of signals 
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situations tend to be extensive and the representation in the virtual manufacturing model will 
indeed reflect the complexity. The SDSP architecture manages and distributes all common 
signals in the simulation, see Figure 5. The architecture is open and it is possible to connect 
advanced signal models to the SDSP, implemented in any suitable programming language. 

4.3. PLC and control panel 
The control code is the real implementation of the complex control functions. Even if many 
CAPE tools offer a representation of control functions, they are usually both rather general 
and abstract and are described using simplified models of the main function behaviour of the 
real PLC, see discussions in Chapter 2.3 Simulation tools. Parts of the control code may also 
be PLC vendor properties, e.g. motion control blocks. To be able to fully utilise the time 
synchronised virtual manufacturing model the real PLC, including its control code, should 
remain unchanged from the manufacturing plant, while being embedded into the simulation.   

A great advantage of using real PLCs to execute the real control code is the opportunity 
to directly transfer the tuned control parameters to the manufacturing plant. It is also feasible 
to use industrially available PLC programming and debugging tools if necessary. An 
additional advantage is the possibility to connect industrial control panels with the same hard 
and software as in the manufacturing plant.  

It is possible to use different strategies to achieve PLC time synchronisation with the 
remaining virtual manufacturing model. The time synchronisation can thus be achieved if it is 
possible to incorporate the SDSP architecture in the PLC internal scheduler. This has been 
successfully implemented and tested by Svensson et al. [30]. However, since most of the 
industrially available PLC systems are vendor specific and not open for new internal functions 
in the scheduler such as SDSP architecture, the adoption of this method for existing PLCs 
becomes a problem. To overcome this, Carlsson et al. [25] propose a general method for time 
synchronisation of PLCs which are programmed according to IEC 61131-3 [31]. This 
approach adapts the control functions before being downloaded to the PLC, as a means of 
handling time synchronisation.  It is thereby possible to incorporate any PLC which follows 
the IEC 61131-3 standard in the virtual manufacturing model, whilst still guaranteeing 
deterministic behaviour. Logics not implemented according to the IEC 61131-3 standard, e.g. 
motion control functions implemented on a lower level, are not handled. For motion control 
functions this can be solved by utilising PLCopen Motion Control Specifications [32] as it is 
based on IEC 61131-3. Carlsson et al. have successfully connected a number of different 
PLCs to the architecture via OPC using this approach. 

4.4. Summary 
A general virtual manufacturing concept, suitable for the framework in Chapter 3, has been 
identified and proposed. The concept is based on time synchronised hardware-in-the-loop 
simulation including real PLCs. It is aimed at programming, verification and optimisation of 
real-time dependent complex control functions, e.g. motion control.  
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Chapter 5 

 The process optimiser 

The main task for the process optimiser is to tune the process control parameters to maximise 
the chosen objective function. Suitable optimisation algorithms are used, repetitive 
evaluations in the virtual manufacturing model are initiated, and essential production 
performances are calculated, see Figure 6. 
 

 
 

 

5.1. Optimisation conditions 
The process optimiser is designed to be general, i.e. different types of optimisation algorithms 
will be possible to implement. However, a common inconvenience for all of them is that the 
derivatives of the objective function are not available, since the value of the objective function 
is given only by evaluation of the simulated process. These derivates could of course be 
estimated numerically, but that requires a large number of evaluations, especially when there 
are many parameters. Furthermore, it is highly time consuming due to the long evaluation 
time of the virtual manufacturing model in which the underlying manufacturing system may 
be complex. These aspects make ordinary gradient optimisation algorithms unfeasible for this 
type of problem. Non-gradient algorithms, also referred to as direct search algorithms, can 
however manage these difficulties and are furthermore suitable for problems which are highly 
non-linear, as those in manufacturing systems. The real difficulty comes with the high 
dimensionality of the problem, i.e. the number of parameters to tune. In industrial 
manufacturing systems it is not uncommon to have hundreds of control parameters subjected 
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Figure 6. The process optimiser. 
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to tuning. Many search algorithms generate vast numbers of evaluations when the dimension 
increases which, due to the long evaluation time, makes them impractical. 

5.2. Suggested optimisation algorithms 
Thus, there is a need for a global, direct search optimisation algorithm which can handle many 
parameters and converge in few evaluations. To the author’s knowledge, not one ideal 
algorithm exists for this purpose. Hence three different kinds of optimisation algorithms are 
suggested, each fulfilling some, but not all, requirements. All three algorithms are suitable for 
the proposed generic framework. 

 
Factorial design 

Mukerjee and Wu [33] describe factorial design, which investigates the effects of two or 
more input parameters (factors) on a system’s performance. Factorial design is a kind of 
screening method and its great benefits are that it is easy to realise and that it yields huge 
knowledge about the effects of the parameters. The design however requires a linear or at 
least approximately linear system behaviour. Evaluating parameter combinations and making 
mathematical interpretations of the objective function values to such combinations enables the 
identification of both the parameters which have the greatest effect on the objective function 
and their direction. This information then constitutes the optimisation guidelines for 
parameter tuning. Factorial design is due to its straightforwardness a very well-known and 
well-used optimising method in industry, not necessarily reaching the global optimum, but 
yielding a process window with increased performances. 

 
DIRECT algorithm 

Jones et al. [34] present the DIRECT algorithm, created in order to solve complex global 
optimisation problems using only function values. The algorithm is a kind of Lipschitz 
optimisation, where the maximal derivative of the objective function is limited by a constant, 
discussed by Horst et al. [35]. In DIRECT, the need to specify this Lipschitz constant is 
however eliminated. The algorithm is guaranteed to converge to the global optimum, provided 
the objective function is continuous or at least continuous in the neighbourhood of the 
optimum. The main weakness of the algorithm is the need for a very large number of 
evaluations. The DIRECT algorithm is however well-used for solving global optimisation 
problems, provided the evaluation times are short. For instance, in the optimisation platform 
Tomlab [36], the global optimisation routines glbDirect, glbFast and glbSolve all use the 
DIRECT algorithm. 

 
Nelder-Mead simplex algorithm 

Nelder and Mead [37] propose a simplex direct search algorithm which uses only 
function values and handles non-smooth objective functions. Wright [38] stresses that one of 
the benefits of the Nelder-Mead simplex algorithm is its low number of needed evaluations, 
which is of importance when each evaluation is time consuming. Another important benefit is 
its ease to expand into many parameters. The algorithm is a very well-known and a well-used 
method even if it lacks rigorous convergence results. For instance, the optimisation toolbox in 
Matlab [39] uses Nelder-Mead as a global optimiser within the function FMINSEARCH. 
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5.3. Summary 
Industrial manufacturing processes handling complex control functions cause conditions such 
as highly non-linear functions, considerable number of parameters, and long evaluation times. 
All these conditions form general requirements on optimisation algorithms aimed at 
simulation based parameter tuning. The challenge of finding suitable algorithms is discussed 
and three different types of optimisation algorithms are suggested. All these three, Factorial 
design, DIRECT, and Nelder-Mead, has been implemented and evaluated against the stated 
requirements, see Chapter 7. 
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Chapter 6 

 Case study – a sheet-metal press line 

An automotive press line is an excellent example of an automated manufacturing system 
handling real-time dependent complex control functions. It involves complicated control 
parameter optimisation, i.e. a number of press control system parameters, which must be 
tuned together with automated material handling equipment parameters. 

6.1. Press line optimisation 
Most automotive press line tuning methods are today on-line and highly empirical, depending 
on individual operators. However, the on-line method disturbs the production and causes 
unwanted production stops. For example, there is a risk that a press tool in the line can be 
damaged, causing long production stops with high financial costs. Consequently, most 
operators prefer a simplified short tuning resulting in acceptable performances, compared to a 
long, detailed and risky tuning, possibly resulting in better performances. There is therefore a 
lack of an appropriate off-line parameter tuning method for sheet-metal press lines, which 
could prevent production disturbance and costly damage. Furthermore, when a new type of 
component is introduced in the line, not only the mechanical tools in the press stations but 
also the control parameters in the PLCs have to be modified to match the component. Given 
the fact that an average car body has about 300 sheet-metal parts shaped in press lines, the 
need for an off-line parameter tuning method is vast. 

6.2. Volvo Car press line 53 
As a case study, the sheet-metal press line 53 at Volvo Car in Gothenburg, Sweden, has been 
used, see Figure 7. This actual automotive press line has five press stations and in between 
these there are four combined feeders/extractors (two axis robots) and four intermediate 
stations for moving and rotating components both vertically and horizontally (three axis 
robots). An additional feeder (two axis robot) and a conveyor are located before the first press 
station, and after the final press station an additional extractor (two axis robot) is positioned. 
Furthermore, there are five operator panels along the line and numerous digital and analogue 
sensors, actuators, push-buttons, indicators, etc. in the press line. Five identical PLCs work 
together and control the entire press line, handling discrete events, continuous feedbacks, 
motions, supervisory and safety control. See Table I for some figures from the actual press 
line in the case study. This line more than adequately fulfils our definition of complex control 
functions as stated in the introduction. 
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Figure 7. Outline of the automotive sheet-metal press line 53. 

Table I. Some figures from the implemented sheet-metal press line 53. 

PLCs 5 
Inputs/Outputs > 2000 
Servo axis 25 
Robot paths 10 
Control parameters ~ 90 
IEC 61131-3 control code lines > 100 000 

6.3. Implementation and validation 
A successful implementation and validation of the sheet-metal press line 53 by the virtual 
manufacturing model was performed by Svensson et al. [30], see Figure 8. Geometrical and 
kinematic properties of physical resources, i.e. presses and programmable material handling 
devices, were modelled in an industrial CAPE tool, Robcad [40]. Additional properties, e.g. 
signal representations, were modelled in user-defined models written in C/C++ for SDSP. 
Emulated SDSP adapted PLCs, with complete PLC electrical interfaces (logical) and real 
industrial control panels, were used in the virtual manufacturing model. The same PLC 
control code was executed as in the manufacturing plant, implying that all control functions 
were executed in the same way as in the real manufacturing system. The PLC control code 
exceeded 100 000 lines of IEC 61131-3 code. The virtual manufacturing model summed up in 
total 25 interacting software models. To achieve a relatively rapid execution time, due to the 
complex case study, the virtual manufacturing model was configured as an SDSP distributed 
and parallel-executed system on 20 processors. However, some minor parts have not been 
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included in the simulation model of the automotive press line. The assumptions are that all 
servo axis are considered ideal, i.e. actual value = set point, and that all communication buses 
are considered ideal, i.e. received signal = send signal. The validation of the model has not 
shown any deviations from the real press line. 

 

 
Figure 8. Virtual manufacturing model of press line 53 including real PLCs and operator panels. 

6.4. Press line parameters 
To reach an industrially useful method, it is necessary to keep the total optimisation time topt 
down to practically applicable times. Since this time is determined according to  

 
 ∑=

en
evalopt tt  (7) 

 
both the number of evaluations ne and the time of each single evaluation teval have to be 
examined.  

Due to the complex simulated manufacturing process, with several thousand process 
inputs/outputs and servo values to update and heavy collision detection to calculate at every 
time step, it is in practice hard to keep teval on a reasonably low level. Even if the average 
evaluation time, due to improved simulation, models and computers, is reduced by about 33% 
compared with a previous test case [41], it is still long, approximately 8 minutes for one 
evaluation. 

Consequently, it is even more vital to keep ne low. The number of evaluations depends 
on both the optimisation method and the number of process parameters to tune. The actual 
press line case includes, see Table I, about 90 control parameters synchronised with 10 
parameterised robot paths, an impracticably high number of parameters to tune. Svensson et 
al. [41] realised a reduction to 10 press line control parameters to tune and performed a 
parameter study. Since we are dealing with the same press line, we used the same parameter 
reduction in this case study as in [41], e.g. only one press station, fixed robot paths and fixed 
values on some parameters with low impact. 
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6.5. Press line performance 
The process optimiser calculates the production rate gprod, i.e. the number of processed sheet-
metal components per minute, according to 
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where tcycle is the cycle time, in seconds, for processing one component. tcycle is determined by 
the received response h(p) from the executed virtual manufacturing model. 

Other vital performances in an automotive press line are robot motions. Thus, robot 
gripper speed, acceleration and jerk are calculated in the process optimiser according to 
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where tk is the discrete time simulation step of 5 ms and hpos is the robot gripper position at 
each time step, determined from the matrix H(p) in (5). Observe that the position hpos does not 
include disturbances and therefore the difference can easily be used in the calculation of the 
derivates. These performances are restricted by limitations in the real production system, e.g. 
motors and gearboxes, according to 

 
 max,)( speedspeed gtg ≤  (12) 

 max,)( accacc gtg ≤  (13) 

 max,)( jerkjerk gtg ≤  (14) 
 

where gspeed,max, gacc,max and gjerk,max denote maximum speed, acceleration and jerk. These 
process equipment limitations are all included in the virtual manufacturing model. 

6.6. Press line objective function 
In a sheet-metal press line the most obvious optimisation criterion is high production rate, 
gprod, in combination with a non-failure production, hfail = 0, e.g. collision free motions. 
However, an increased production rate may result in increased robot speeds, accelerations and 
jerks of magnitude. High accelerations and jerks, even if less than those maximum values in 
(12) to (14), may cause the sheet-metal to slide out of position in the gripper or even fall out, 
thereby causing lengthy down times in the press line. Thus, production process constraints on 
speeds, accelerations and jerks are not sufficient, the robot motions also have to be smooth. 
An estimation of smooth motions, when a sheet-metal component is in the gripper, is the 
robot mean acceleration 
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where W is the set of times t when a sheet-metal component is in the gripper and nW is the 
number of elements in W where gacc ≠ 0. High smoothness is reached by minimising gmaccW. 

Unnecessarily high accelerations and jerks also cause wear on the production equipment 
and therefore decreases its lifetime, which in turn inevitably leads to production stops. Thus 
the robot motions have to be smooth even when there is no sheet-metal in the gripper. An 
estimation of smooth motions, when the gripper is empty, is the robot mean acceleration 
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where E is the set of times t when the gripper is empty and nE is the number of elements in E 
where gacc ≠ 0. A low gmaccE implies a smooth robot motion with an empty gripper. 

It is reasonable to combine the production rate function (8) with both smooth motion 
estimations (15) - (16) and the non-failure value from (4) into the press line objective function 

 
 Khgcgcgcgf failmaccEmaccWprodpress −−−= 321)(  (17) 

 
to be maximised with the positive weight values ci chosen to reach a good compromise 
between the three performances. K is a positive constant with a very high value, e.g. 232, 
which ensures a minimal function value when a failure appears in the production. The minus 
signs are introduced due to the fact that minimisation of gmaccW and gmaccE yields high motion 
smoothness. 

6.7. Summary 
A successfully implementation of Volvo Car press line 53 has been performed. Thus, the 
proposed virtual manufacturing concept has in this case study shown to be realisable. The 
sheet-metal press line is an excellent example of an automated manufacturing system 
handling real-time dependent complex control functions. Furthermore, a validation of the 
press line 53 model has been carried out with successful results. 
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Chapter 7 

 Press line parameter tuning results 

The optimisation case study was performed on the implementation of the Volvo Car sheet-
metal press line 53 and with the frame reinforcement sunroof P1X as a component in the 
production. The reason for choosing the frame reinforcement sunroof was that it is a typical 
type of component, both in size and complexity, produced on an automotive press line. 
Further, it was, during the study, produced on the actual press line 53 at Volvo Car. All 
optimisations in this case study were performed with the reduced number of 10 process 
parameters on one press station. It is important to note that the press line operators also 
performed an on-line parameter tuning. This means that all results in this case study are 
compared to those from the on-line method, and consequently the extent of the improvements 
also depends on the on-line operator’s skilfulness. We can therefore not expect a tremendous 
improvement. However, an increase of only a few percent in such a production rate implies 
substantial cost savings for the industry. 

7.1. Parameter study 
Performing a full factorial design with the reduced number of process parameters, in which 
every possible combination of parameters and permutations are tested, will result in 
approximately 1019 evaluations, causing a total optimisation time of more than 1014 years. 
Hence, to reduce the optimisation time, a two level factorial design with 10 parameters was 
performed by Svensson et al. [41], causing 1024 evaluations, a total optimising time of less 
than 6 days. 

The factorial design case study resulted in a process window with improvements for all 
components in the objective function. Even if it does not reach the global optimum, it acts as 
an industrially easy and straightforward method for tuning control parameters. To find the 
optimum within the given process window, a simplified process model, based on multiple 
linear regressions, was built from all of the factorial design evaluations. A disadvantage with 
this approach is the linear simplification of the process model, knowing that the sheet-metal 
press line is strongly non-linear. Further, the simplified process model is only valid within the 
predefined experimental region, thus the superior parameter settings may exist outside the 
limited operating window. More results from the factorial design and simplified process 
model can be found in [41]. 
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7.2. Production rate optimisation 
Both the DIRECT and the Nelder-Mead algorithms have been implemented and evaluated by 
Svensson et al. [42]. The original algorithm by Nelder and Mead [37] has been improved and 
modified by different authors, the implementation in the process optimiser is based on Wright 
[38]. The implementation of the DIRECT algorithm is based on Jones et al. [34]. 

Four trials of parameter tuning focusing only on a non-failure production with maximised 
production rate, i.e. with the weight values c1 = 1, c2 = 0, and c3 = 0 in the press line objective 
function (17), are summarised in Table II. The DIRECT algorithm starts searching globally in 
the entire parameters space, only limited by the parameters maximum and minimum 
expressed in (2). In contrast, the Nelder-Mead algorithm starts from pre-defined initial 
parameter values, which influences the probability of finding the global maximum, as seen in 
Table II. In NM1 the process parameters’ centre values constitute the algorithm initial values. 
Run NM2 starts with the on-line manually tuned process parameters’ values. Furthermore, ten 
separate runs with randomised initial values of the process parameters in the Nelder-Mead 
algorithm have been done. The one, out of these ten, with the highest production rate found is 
shown in Table II as run NM3. More results and discussions can be found in [42]. 

An additional execution of D1 was forced to continue up to more than 12000 evaluations 
(about 10 weeks of optimisation time) in the search for further improvements of the 
production rate, but no improvement was found. 

 
Table II. Production rate optimisation. 

Run Algorithm gprod ne topt 
D1 DIRECT + 7.0% 4095 546h 
NM1 Nelder-Mead + 2.5% 224 30h 
NM2 Nelder-Mead + 1.7% 120 16h 
NM3 Nelder-Mead + 6.5% 123 16h 

7.3. Algorithm comparison 
The DIRECT algorithm reaches the best increased production rate, see Table II. But this is 
reached at the cost of a high number of evaluations, i.e. more than three weeks with actual 
implementation. Due to the long optimisation time, this method may not be useful in practice 
for the industry, since the optimisation process is repeated whenever a new component is 
introduced. 

The Nelder-Mead algorithm reaches its maximum in a considerably shorter time, a day or 
less. The disadvantage with Nelder-Mead is a strong dependence on the initial parameter 
values, see run NM1 to NM3 in Table II. The Nelder-Mead algorithm is not a real global 
optimisation method, but it is very effective on convergence. The challenge is to find the right 
initial values. To start from the process parameter centre values or the on-line tuned values 
will yield an increased production rate, even if not as good as that from DIRECT. Using 
randomised initial values, the Nelder-Mead algorithm can reach almost the same production 
rate as DIRECT but at considerably shorter optimisation time. Even though ten separate runs 
were performed, the total optimisation time (approx 160h) was much less than the time of one 
DIRECT optimisation (546h). To randomise initial values and repeating them over and over 
again may be a successful strategy. This is unfortunately not a predictable method since no 
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criterion exists for how many repetitions it takes to reach the desired optimum. However, 
these results indicate that an adaptive random search optimisation algorithm, e.g. one of those 
discussed by Prudius [43], could be an interesting alternative approach. 

7.4. Performance optimisation 
The estimation of the weight values c1, c2 and c3 in the press line objective function (17), i.e. 
production rate versus motion smoothness, is an industry related economic task which needs 
further investigation and which is not evaluated in detail in this case study. However, to 
indicate the usefulness of the proposed off-line process parameter tuning method, four 
DIRECT algorithm trials with different weight values have been performed, see Table III. 

The press line performances in the runs D1 to D4 indicate that it is possible to tune the 
process parameters to reach different goals. Decreased mean acceleration corresponds to 
increased motion smoothness. Note that D1 is the same in Table III as in Table II. D2 
indicates that it is possible to increase the smoothness of the robot motions considerably with 
a sheet-metal component in the gripper, almost maintaining the same increase of production 
rate as in D1. If an increased smoothness of the robot motions with an empty gripper is 
required as well, the runs D3 and D4 indicate that this is possible to achieve. More results 
from both the production rate and performance optimisation can be found in [42]. 

 
Table III. Performance optimisation using different weight values. 

Run c1 c2 c3 gprod gmaccW gmaccE 
D1 1.0 0.0 0.0 + 7.0% + 26.7% + 34.5% 
D2 1.0 0.2 0.1 + 6.5% – 48.9% + 16.3% 
D3 1.0 0.1 0.1 + 6.1% – 31.8% – 20.0% 
D4 1.0 0.4 0.2 + 4.3% – 37.1% – 41.3% 

 

7.5. Summary 
Improved production performances were reached on the implemented automotive press line 
with the proposed off-line parameter tuning method. Both in terms of an increased production 
rate and smoother motions, compared to today’s industrial on-line parameter tuning. The 
optimisation algorithm evaluation indicates that a combination of two examined algorithms 
appears to be successful. Start with the DIRECT algorithm to give reasonable initial 
parameter values for one or more runs with the Nelder-Mead algorithm. This will be 
investigated in future work. Another future vital task is how to reduce the evaluation time 
significantly.  

 





35 

 

Chapter 8 

 Conclusion and future work 

In this thesis a combination of simulation based optimisation and a virtual manufacturing 
model, using real industrial control systems, is formulated to achieve a framework for the 
tuning of process parameters. The proposed framework is valid for automated manufacturing 
processes, and various components in the objective function can be weighted to reach diverse 
and/or combined targets, e.g. high production rate, soft motions, low wear, low energy 
consumption, etc. Furthermore, a general virtual manufacturing concept, suitable for the 
framework, is identified and proposed in this thesis. The concept is based on time 
synchronised hardware-in-the-loop simulation including real PLCs. It is aimed at 
programming, verification and optimisation of real-time dependent complex control functions, 
e.g. motion control. Using the real control code in the virtual manufacturing model assures the 
same PLC behaviour as in the manufacturing plant. Owing to the proposed framework and 
concept, an off-line parameter tuning method for automated manufacturing systems handling 
complex control functions is achieved. An additional benefit herein is that all tuned process 
parameters can be directly transferred to the control systems in the manufacturing plant 
without any interpretation errors or costly implementation time. 

Industrial manufacturing processes handling complex control functions cause conditions 
such as highly non-linear functions, considerable number of parameters, and long evaluation 
times. All these conditions, stated and investigated in this thesis, form general requirements of 
optimisation algorithms aimed at simulation based parameter tuning. The challenge of finding 
suitable algorithms is discussed in this thesis and three different types of optimisation 
algorithms are examined, implemented and evaluated against the stated requirements with 
acceptable results. 

A successful virtual manufacturing model implementation and validation of an 
automotive sheet-metal press line has been performed to show that the proposed concept is 
realisable and useful. Furthermore, an off-line parameter tuning of the implemented press line 
has been carried out to verify the framework’s applicability and its suitability for industrial 
applications. Improved production performances were reached with the off-line tuning 
method, both in terms of an increased production rate and smoother motions compared to 
today’s industrial on-line optimisation. 

The optimisation algorithm evaluation indicates that a combination of two of the 
examined algorithms, DIRECT and Nelder-Mead, appears to be successful and will thus be 
investigated in future work. Start with DIRECT algorithm to give reasonable initial parameter 
values for one or more runs with Nelder-Mead algorithm. The challenge is to find a suitable 
switch over criteria and how to extract parameter values from DIRECT before it has 
converged. Another vital task is to reduce the evaluation time significantly. However, this 
reduction is already under investigation in a parallel project, in which different simplifications 
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of the geometric resolution is being considered. In the performed case study, a reduction to 
one single section of the press line, out of a total of five, and 10 control parameters to tune 
was made in order to keep down the total optimisation time. Nevertheless, optimising one 
section at a time to obtain a line optimisation is a common industrial on-line method. Future 
work will however include an investigation of how to perform a total line optimisation, 
including hundreds of process parameters to tune. Yet, it is still an open question how the 
complexity of such an approach should be handled. 
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Chapter 9 

 Summary of appended papers 

In this section a brief presentation of the appended papers is given. There are four included 
papers appearing in chronological order, reflecting the development of the performed research 
activities. 
 
Paper I 
 
Bo Svensson, Fredrik Danielsson, and Bengt Lennartson, (2005). A Virtual Real-Time Model 
for Control Software Development - applied on a Sheet-Metal Press Line. In Proceedings of 
ISC2005, the 3rd International Industrial Simulation Conference, pp. 119-123, Berlin, 
Germany.  
 
The first paper describes an implementation and validation of a complex industrial case in a 
time synchronised virtual manufacturing model including real PLCs. The virtual real-time 
model presented in the paper forms the base for the virtual manufacturing concept proposed 
later in paper three. The automotive sheet-metal press line 53 at Volvo Car in Gothenburg, 
Sweden, constitutes the case study. The press line includes among other things 5 PLCs, 25 
servo axis, and more than 2000 inputs/outputs. Since the same PLCs are used in simulation as 
in the real production line, the real control code from Volvo Car has been used. The 
implementation was successful and the virtual manufacturing model fulfils its main tasks: all 
essential motions in the simulation are equal to the motions in reality, and the PLC electrical 
interface is equal to the one in the real production line. The conclusion of this paper is that the 
implemented automotive press line in the time synchronised virtual manufacturing model is 
validated and can be used for further optimisation studies. 
 
Paper II 
 
Bo Svensson, Fredrik Danielsson, and Bengt Lennartson, (2007). Off-Line Optimisation of 
Complex Automated Production Lines - Applied on a Sheet-Metal Press Line. In Proceedings 
of ISAM2007, the IEEE International Symposium on Assembly and Manufacturing, pp. 82-87, 
Ann Arbor, Michigan, USA. 
 
The second paper formulates a first off-line process control parameter optimisation method 
and presents a case study on the implemented automotive press line. A definition of complex 
control functions is also included in the paper. The formulated off-line optimisation method 
contains two parts. The first part is a parameter study, combining factorial design with the 
virtual manufacturing model. The result is a process window with improvements for the 
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components in the objective function. The second part is an optimisation of a simplified 
performance model based on multiple linear regressions, built based on all factorial design 
evaluations. The conclusion of this paper is that off-line optimisation using the virtual 
manufacturing model is successful, but it stresses the need for a better optimisation approach 
since this method uses linear simplification of the process model and the automotive press 
line is strongly non-linear. Further, the simplified process model is only valid within the 
predefined experimental region. Superior parameter settings may exist outside the limited 
operating window. 
 
Paper III 
 
Henrik Carlsson, Bo Svensson and Fredrik Danielsson (2008). A General Virtual 
Manufacturing Concept for Programming, Verification and Optimisation of Complex Control 
Functions. In Proceedings of FAIM2008, the 18th International Conference on Flexible 
Automation and Intelligent Manufacturing, pp. 668-675, Skövde, Sweden. 
 
The third paper proposes a general virtual manufacturing concept including real industrial 
control systems, e.g. PLC. The concept is aimed at programming, verification and 
optimisation of complex real-time dependent control functions. It provides a distinct 
advantage as it involves the complex control functions by using the real control code. To 
achieve this distinct advantage, the entire virtual manufacturing model including real PLCs is 
time synchronised. Previous work related to virtual manufacturing and industrial control 
systems is summarised in the paper and several critical issues are identified. The conclusion 
of this paper is that the proposed virtual manufacturing concept addresses the identified 
critical issues. 
 
Paper IV 
 
Bo Svensson, Fredrik Danielsson, and Bengt Lennartson, (2009). Simulation Based 
Optimization of a Sheet-Metal Press Line. In Proceedings of ETFA2009, the 14th IEEE 
International Conference on Emerging Technologies and Factory Automation, pp. 447-454, 
Palma de Mallorca, Spain. 
 
The fourth paper introduces a general process optimiser connected to the virtual 
manufacturing model. The process optimiser initiates the virtual manufacturing model and 
calculates essential production performances from the simulation model responses. Further, it 
includes optimisation algorithms suitable for actual manufacturing processes and it handles 
the repeated executions of the virtual manufacturing model. The final output from the process 
optimiser is tuned process control parameter values directly transferrable to the real 
production line. The paper also presents an evaluation of two different types of optimisation 
algorithms, the DIRECT and Nelder-Mead simplex algorithms, using the implemented 
automotive press line. The conclusion of this paper is that the approach with a process 
optimiser connected to the virtual manufacturing model is successful, but stresses the 
importance of a general optimisation algorithm for complex industrial cases. Both evaluated 
optimisation algorithms proved to be useful, but each with its weaknesses. 
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