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Abstract  
The building automation industry lacks an affordable, simple, solution 
for autonomous PID controller tuning when overhead variables fluctuate. 
In this project, requested by Jitea AB, a solution was developed, utilising 
step response process modelling, numerical integration of first order  
differential equations, and Ant Colony Optimization (ACO). The solution 
was applied to two control schemes; simulated outlet flow from a virtual 
water tank, and the physical air pressure in the ventilation system of a 
preschool in Sweden. An open-loop step response provided the transfer 
function in each case, which, after some manipulation, could be employed 
to predict the performance of any given set of PID parameters, based on 
a weighted cost function. This prediction model was used in ACO to find 
optimal settings. The program was constructed in both Structured  
Control Language and Structured Text and documented in an  
approachable way. The results showed that the program was, in both 
cases, able to eliminate overshoot and retain the settling time (with a 
slightly raised rise time) achieved with settings tuned per the current 
methods of Jitea AB. Noise and oscillations present in the physical system 
did not appear to have any major negative influence on the tuning  
process. The program performed above Jitea AB’s expectation, and will 
be tested in more scenarios, as it showed promise. Autonomous  
implementation could be of societal benefit through increased efficiency 
and sustainability in a range of processes. In future studies, focus should 
be on improving the prediction model, and further optimising the ACO  
variables. 

Keywords: PID, self-tuning, control system, building automation, ant  
colony optimization, neural networks, open-loop, closed-loop, step  
response. 
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Förord  
Byggnadsautomationsbranschen saknar en kostnadseffektiv lösning för 
att autonomt trimma in PID-regulatorer när överordnade variabler  
fluktuerar. I detta (av Jitea AB beställda) arbete, utvecklades en lösning 
baserad på stegsvarsmodellering, numerisk integration av första gradens 
ordinära differentialekvationer och myrkolonisoptimering (ACO).  
Lösningen applicerades i två regleringsfall; en simulerad utloppsventil 
från en virtuell vattentank, och det fysiska lufttrycket i  
ventilationssystemet på en förskola i Sverige. Ett stegsvar med öppen 
slinga gav en överföringsfunktion i respektive fall, som efter viss  
manipulering kunde nyttjas för att förutspå prestandan för en  
uppsättning PID-parametrar baserat på en samlad, viktad  
kostnadsfunktion. Predikteringsmodellen implementerades i ACO för att 
finna optimala parametrar. Programmet konstruerades i Structured  
Control Language och Structured Text, och dokumenterades på ett  
pedagogiskt sätt. Resultaten visade att programmet (i båda fallen)  
klarade att eliminera översläng med bibehållen stabiliseringstid (och  
något förskjuten stigningstid) jämfört med Jitea AB:s existerande  
trimningsmetod. Signalbrus och oscillationer i det fysiska systemet  
verkade inte ha någon avsevärd negativ inverkan på trimningsprocessen. 
Programmet presterade över Jitea AB:s förväntan, och kommer (med 
tanke på de lovande resultaten) fortsatt att testas i fler scenarion.  
Implementation av en autonom version skulle kunna innebära flera  
samhälleliga förmåner i form av ökad verkningsgrad och hållbarhet i en 
rad processer. I framtida studier bör fokus läggas på att ytterligare 
förbättra prediktionsmodellen, samt att vidare utforska de optimala 
myrkolonisvariablerna. 

Nyckelord: PID, självtrimning, reglersystem, byggnadsautomation,  
myrkolonioptimering, neurala nätverk, öppen slinga, sluten slinga,  
stegsvar. 
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Terminology   
Abbreviations 
PID Proportional-Integral-Derivative. Three error-

based gains that constitute a type of regulator. 

APC Advanced Process Control. A collection of  
advanced control technologies. 

ACO Ant Colony Optimization. A probability-based 
approach to computational optimisation. 

ISE Integral Square Error. Performance based on 
squared error between two values over time. 

IAE Integral Absolute Error. Performance based on 
absolute error between two values over time. 

PRBS Pseudo-random-binary Sequence. A randomly 
generated sequence of binary values. 

ODE Ordinary Differential Equations. Differential 
equation with respect to one free variable. 

CCF Controllable Canonical Form. A standard  
approach to state-space-representation. 

PLC Programmable Logic Controller. A computer used 
in control applications. 

MWC Multiply-with-Carry. A method for producing a 
series of random numbers. 

SCL Structured Control Language. A programming 
language commonly used for PLCs. 

ST Structured Text. A programming language  
commonly used for PLCs. 
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Mathematical notation 
Symbol  Description 

𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜 Overshoot 

𝑦𝑦𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝,𝑦𝑦𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜 Amplitude of peak process value, and setpoint 

𝑓𝑓𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜, 𝑡𝑡𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜 Rise time 

𝑓𝑓𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜, 𝑡𝑡𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜 Rise time 

𝑓𝑓𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜, 𝑡𝑡𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜 Rise time 

𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 Settling time 

𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼 Integral of absolute error value 

𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟 Recording time for error measurement 

𝑓𝑓𝑠𝑠𝑜𝑜𝑜𝑜 Cost function, sum of weighted error 

𝑤𝑤𝑠𝑠 Weights 

𝐾𝐾 Static gain 

𝑝𝑝𝑝𝑝 Process value 

𝑐𝑐𝑝𝑝, 𝑐𝑐𝑝𝑝𝑜𝑜, 𝑐𝑐𝑝𝑝𝑠𝑠 Control value, current, stepped (𝑠𝑠) and initial (𝑖𝑖) 

𝐿𝐿 Delay time 

𝑡𝑡𝑜𝑜𝑝𝑝𝑠𝑠 Open-loop step response log time 

𝑇𝑇1𝑜𝑜𝑜𝑜 , 𝑡𝑡0.63𝐾𝐾 First order time constant, 63% 𝐾𝐾 based 

𝑡𝑡1/3 = 𝑡𝑡1/3𝐾𝐾 Time of 1
3
𝐾𝐾 achieved 

𝑡𝑡2/3 = 𝑡𝑡2/3𝐾𝐾 Time of 2
3
𝐾𝐾 achieved 

𝑄𝑄 Quota of 𝑡𝑡2/3𝐾𝐾 and 𝑡𝑡1/3𝐾𝐾 

𝑃𝑃 Time constant deterministic based on Q  

𝑎𝑎 Time constant deterministic based on Q 

𝑇𝑇2𝑠𝑠𝑛𝑛 Second order time constant 
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𝑇𝑇3𝑜𝑜𝑛𝑛 Third order time constant 

𝐺𝐺(𝑠𝑠)𝑠𝑠 Transfer function of 𝑖𝑖𝑜𝑜ℎ order  

𝑎𝑎𝑠𝑠 , 𝑏𝑏𝑠𝑠 Polynomial factors 

𝑌𝑌(𝑠𝑠),𝑈𝑈(𝑠𝑠) Continuous time output and input 

𝑦𝑦(𝑡𝑡),𝑢𝑢(𝑡𝑡) Discrete-time output and input 

𝑒𝑒(𝑡𝑡), 𝑟𝑟(𝑡𝑡) Discrete-time error and reference (setpoint) 

𝐾𝐾𝑝𝑝,𝐾𝐾𝑠𝑠 ,𝐾𝐾𝑛𝑛 Proportional, integral and derivative gains 

𝑃𝑃𝑠𝑠𝑖𝑖𝑝𝑝  Probability of ant choosing given path 

𝜏𝜏𝑠𝑠𝑖𝑖 Pheromone value of path 

𝜂𝜂𝑠𝑠𝑖𝑖 Heuristic value of path 

𝛼𝛼 Exponential of pheromone value 

𝛽𝛽 Exponential of heuristic value 

𝜌𝜌 Pheromone evaporation rate 

𝜃𝜃 Heuristic mean coefficient 

𝜆𝜆 Global pheromone updating factor 

𝑓𝑓𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜 Best cost function found (for all iterations) 

𝑓𝑓𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 Worst cost function found (for all iterations) 

𝑓𝑓𝑝𝑝 Current cost function found (for iteration) 

𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜 Step in control value for step response 

𝑡𝑡𝑜𝑜𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑜𝑜 Sample rate 

𝑐𝑐𝑝𝑝𝑟𝑟𝑜𝑜 Controller interrupt rate 
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1 Introduction 
Achieving robust control systems capable of handling fluctuating  
dependencies, has been a challenge for close to a century [1]. This study 
aimed to present a framework for how to achieve this in basic 
Proportional-Integral-Derivative (PID) controllers used in building  
automation. 

1.1 Background and problem motivation 
There exists a need for more flexible process control schemes within 
building automation, without added complexity. Control systems often 
regulate processes that depend on underlying, independent, and  
fluctuating variables such as flow line temperatures and pressures.  
Advanced Process Control (APC) schemes are available for  
autonomously handling such scenarios in manufacturing. However, they 
normally require investment in expensive hardware, or drawn-out  
configuration projects [2]. Most control loops in building automation, 
where resources are more limited, utilise manually tuned basic PID  
controllers [3]. It would be of benefit to the building automation industry 
if controllers could be tuned autonomously, without extensive  
investments. This project therefore focused on suggesting a framework 
for how to achieve this, as well as developing a rudimentary tuning  
algorithm within that framework. 

Ant Colony Optimization (ACO) was employed for the PID tuning aspect 
of the algorithm. It is based on the behaviour of ants, which use  
pheromones to track the shortest paths to food sources. It was originally 
proposed as a computer algorithm by Dorigo in 1992 [4] and has since 
shown great promise for PID tuning in several, theoretical research  
projects [5][6][7]. An extended version of this methodology, with the  
additions required for practical application, was therefore employed. 
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1.2 Overall aim 
The primary aim was to develop a set a framework and an algorithm 
therein, that could autonomously evaluate the (presumable changing) 
condition of a process, find optimal tuning parameters based on it, and 
do so without requiring substantial financial or time investment.  

This would require the framework to be easy to install and maintain. The 
solution must be useful to society. It was therefore a secondary aim of this 
project to develop the framework in a way that considered psychosocial, 
ethical and gender equality related matters. 

The intention with presenting the solution as a framework, was to allow 
future work a reliable foundation on which to base recommendations for 
optimization or replacement of individual algorithm elements. 

1.3 Scope 
Some components required for completely autonomous tuning were  
ignored and left for future studies. Functionality such as simultaneous 
tuning of multiple controllers, continuous scan of process performance, 
alarm management and automatic re-tuning was not included.  

The program was design for autonomous operation but activated 
manually (no interface) and evaluated in two scenarios. It was first 
applied in a simulated, virtual environment (F1), where a valve was 
actuated to regulate the outflow from a water tank. Secondly, it was 
applied in a real, physical environment (F2), in which a fan was actuated 
to regulate air pressure in a single-story preschool in Gothenburg, 
Sweden. The environments are further detailed in the Theory chapter. 

It was a reasonable expectation that a reliable algorithm would produce 
similar results in these two environments. There were however enough 
differences between the two that should the algorithm produce varying 
outcomes, a thorough analysis could be undertaken. As such, the surveys 
conclusions should be valid for environments with similar properties to 
those tested. 
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1.4 Concrete and verifiable goals 
The goal was to answer questions P1-P5 below in the simulated (F1) and 
physical (F2) applications of the program. 

P1: How can the performance of the initial and final PID parameters in 
cases F1 and F2 be reliably measured? P2: When applying a step response  
algorithm, is the system able to identify a reasonable, open-loop transfer 
function in the F1 and F2 environments? P3: When applying an ACO  
algorithm in scenarios F1 and F2, is the system able to suggest a new set 
(Y) of PID parameters, based on the original set (X)? P4: Is there a  
noticeable difference in performance with the new set (Y) over the old (X), 
in the F1 and F2 scenarios respectively? P5: How well does the difference 
(in each case F1 and F2) match with the predicted difference by the  
algorithm? P6: How can the system most optimally be applied for  
autonomous, self-tuning use? 

1.5 Outline  
Following this Introduction chapter, the Theory chapter contains related 
work relating to framework and algorithm design. The Methodology  
chapter outlines the proposed solutions to achieve the verifiable goals, 
based on the researched related work. The Design chapter contains a  
summarised technical description of how the algorithm was  
implemented. The Results chapter contains the accumulated data of all 
trials. Lastly, the Discussion and Conclusions chapters conclude the study 
with analysis, commentary, and deductions. 

1.6 Contributions 
Research of related work, establishment of a methodology and system 
development was done entirely by the author. The principal  
employer for this study (Jitea AB) provided some guidance in the  
implementation of the algorithm in the physical controller  
software. Nonetheless, the implementation work itself was carried out by 
the author. Lastly, in lieu of a traditional survey; the employer was  
invited to briefly share their (own separate from the author’s)  
conclusions, based on the results. 
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2 Theory 
2.1 Related works on performance evaluation 

The primary aim of this project is to provide reliable PID controller  
performance. It therefore follows that performance indicators must be  
included in the work.  

2.1.1 Performance evaluation methods 
An online, closed-loop step response is a valid method of assessing  
controller performance. The principal function of a PID controller is to 
keep a process value close to a setpoint. It then follows that the controller 
should be able to quickly adjust the process value to conform to a step 
change in setpoint. Several studies have concluded that performance can 
reliably be evaluated based on an online, closed-loop setpoint step  
response test [8][9].  

An alternative to online testing is calculating performance based on a step 
response in a mathematical model. However, for accuracy, it would need 
to account for noise (and disturbances), delay (in sensor readings and 
actuator response) and feedback. Figure 2.1 illustrates such a system. 

 

Figure 2.1: Example of a closed-loop system with noise, delay, and feedback. 
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Developing such a model requires understanding of the plant process, as 
well as the noise and sensor characteristics. Also, such models are often 
abandoned, as keeping them up-to-date can be costly [2]. For an 
algorithm to be applicable to a broad range of processes, a simplified 
model must therefore be found that can still sufficiently predict 
performance. The model in figure 2.1 also contains transfer functions, 
which are outlined below in subchapter 2.2.1. 

2.1.2 Performance evaluation metrics 
A range of metrics should be employed to assess performance. 
Performance can falter in various ways, and the process purpose can 
dictate which are important. Previous studies incorporating variations of 
the ACO algorithm have also aimed to make the tuning process 
universally applicable [3][5]. Although these studies have mostly tested 
the algorithm in theoretical models, the employed performance metrics 
should be applicable to this study. Further, if similar performance metrics 
are chosen, it should facilitate comparison of the results in this and 
previous studies. The most commonly featured performance metrics 
were overshoot [3][5][10], rise time [3][10], settling time [3][5][10][11] and 
a variation of integral square or absolute error [3][5][6][10]. Integral 
square error (ISE) and integral absolute error (IAE) are similar metrics, so 
one should suffice when additional metrics are included. Below, these 
metrics are detailed. 
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Figure 2.2: Visual explanation of overshoot, rise time, settling time and IAE. 

The overshoot 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜 (seen in figure 2.2) is the percentage the process 
value 𝑦𝑦𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 travels above the setpoint after a 𝑦𝑦𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜 step change. It is 
defined as: 

𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑦𝑦𝑠𝑠𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑦𝑦𝑠𝑠𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

× 100% (2.1) 

From equation 2.1, it is clear that a system with increasing oscillation 
would have infinite overshoot. If the process value never reaches above 
the setpoint, there is no overshoot. Overshoot should normally be 
avoided, whilst still reaching the setpoint quickly [12].  
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The rise time 𝑓𝑓𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜 (figure 2.2) is defined as the time 𝑡𝑡𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜 it takes the process 
value to reach a given percentage of the setpoint 𝑦𝑦𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜 after a step 
setpoint change, typically in the range 10 – 90% of the setpoint [12]13]. It 
can programmatically be found by searching for the first recorded 
process value after a step setpoint change which is greater than or equal 
to the chosen percentage of the setpoint. As equation 2.2 shows, it is 
therefore: 

𝑓𝑓𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜 = 𝑡𝑡𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜  (2.2) 

The settling time 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (figure 2.2) is the time 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 it takes the process 
value to stabilize within a range (commonly ±2 – 5% [14]) of the setpoint, 
after a setpoint change [12]. If a process never stabilizes, the settling time 
is infinite. The settling time can be found by searching for the last process 
value in recorded data exceeding the range. If no value is found, the 
process may be non-settling. Settling time (equation 2.3) is therefore: 

𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (2.3) 

The integral absolute error (IAE) 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼 (figure 2.2) is the area (error) |𝑒𝑒| 
between the process value and setpoint. The absolute value indicates that 
error above and below the setpoint carry equal weight in the equation. 
While it is typically defined as the integral from zero to infinity, in a time-
discrete recording, it would numerically be calculated as the integral from 
zero to the 𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟 recording time [3]. It can then be represented as seen in 
equation 2.4 as: 

𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼 = ∫ |𝑒𝑒(𝑡𝑡)|𝑑𝑑𝑡𝑡𝑜𝑜𝑟𝑟𝑝𝑝𝑟𝑟𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟
0  (2.4) 

2.1.3 A final, consolidated performance metric 
In previous studies, a weighted cost function [5] was used, formulated as: 

𝑓𝑓𝑠𝑠𝑜𝑜𝑜𝑜 = 𝑤𝑤1𝑓𝑓1 + 𝑤𝑤2𝑓𝑓2 + 𝑤𝑤3𝑓𝑓3 … (2.5) 

The goal was to minimise the cost function in equation 2.5. The weights 
𝑤𝑤𝑠𝑠 could be fitted to process requirements.   
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2.2 Related works on process modelling 
Testing parameters on a live process may cause process instability and is 
therefore inadvisable. Performance assessment of potential parameters 
should therefore be done by simulating the process through a 
mathematical model. The established methods of process modelling are 
therefore discussed in this subchapter. 

2.2.1 Definition of transfer functions 
The most common method of modelling a process in control theory is 
through transfer functions. A transfer function mathematically describes 
the correlation between given in- and outgoing signals of a process or 
device. As previously detailed, a closed-loop may (besides the controller 
and controlled process) include noise, as well as sensor and actuator 
characteristics. Each of these subsystems can (assuming they operate 
relatively within linear time invariant boundaries [15]) initially be 
considered as individual, open-loop transfer functions. See transfer 
function G(s) in figure 2.3.  

 

Figure 2.3: Exemplification of an open-loop transfer function. 

A transfer function is typically described by a division (ratio) of 
polynomials. Different processes have different order transfer functions, 
and the order of a transfer function is the same as the order of its 
denominator [16]. Delay can be accounted for in a continuous-time 
transfer function as an exponential in the nominator (see equations 2.14 – 
2.16). Noise can be represented as an additive transfer function. In one 
previous, simulation-based, study including ACO algorithms, a pre-
defined noise with known characteristics was added to the simulation in 
this manner [6]. More detailed derivations of transfer functions follow in 
the next section. 
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2.2.2 Derivation of transfer functions 
There are several methodologies for deriving the transfer function of a 
process. One method is to derive it through manipulation of differential 
equations, based on the physical properties of the process [15]. However, 
redoing this process when such properties change (for example through 
wear) can be costly, and is one of the key reasons many models are 
abandoned over time [2]. A more straight-forward approach is to 
evaluate an open-loop step response (also called a bump or pulse test) of 
the process. This method is applicable to a broad range of processes. The 
controller is temporarily disabled, and the control value stepped to a new 
value [17]. Careful consideration must be taken when deciding on the 
step size. The aim is to set it high enough to overcome noise and read 
mostly process response, whilst impacting the process minimally. Two 
consecutive tests can compensate a low step size. There are also other, 
more advanced step response methodologies, such as the pseudo-
random-binary sequence (PRBS), which involved carrying out a set of 
steps varying in time and amplitude. [12]. 
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Figure 2.4: The key variables in an open-loop, step response test. 

Thomas details a standardised approach to identifying a transfer 
function. After performing a step response (see figure 2.4), the static gain 
𝐾𝐾 of the transfer function will be the ratio (see equation 2.6) of the change 
in output process value ∆𝑝𝑝𝑝𝑝 and input control value ∆𝑐𝑐𝑝𝑝. [17] 

𝐾𝐾 = ∆𝑝𝑝𝑜𝑜
∆𝑟𝑟𝑜𝑜

 (2.6) 

The delay time 𝐿𝐿 is the time 𝑡𝑡 from a step change to a measurable change 
in output. If there is noise present, it would follow that the dead time can 
only be measured as the time 𝑡𝑡𝑜𝑜𝑝𝑝𝑠𝑠 where a response above the noise level 
is measured. To establish the noise level, the input signal can be kept 
static for a duration of time prior to the step response, assuming no other 
external influence.  See equation 2.7 below: 

𝐿𝐿 = 𝑡𝑡𝑜𝑜𝑝𝑝𝑠𝑠 (2.7) 
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A time constant 𝑇𝑇 is also part of the model. For a first order system, the 
time constant is simply the time 𝑡𝑡 at which the test results in a gain of 63% 
of 𝐾𝐾 [17], per equation 2.8. 

𝑇𝑇1𝑜𝑜𝑜𝑜 = 𝑡𝑡0.63𝐾𝐾 (2.8) 

For second and third order systems, the time constant can be found by 
first finding the times 𝑡𝑡1/3 and 𝑡𝑡2/3 at which the test results in 1

3
 and 2

3
 of 𝐾𝐾 

respectively, equations 2.9 and 2.10 hereafter. The quota 𝑄𝑄 of these two 
values is then established, in equation 2.11. [17] 

𝑡𝑡1/3 = 𝑡𝑡1/3𝐾𝐾 (2.9) 

𝑡𝑡2/3 = 𝑡𝑡2/3𝐾𝐾 (2.10) 

𝑄𝑄 = 𝑜𝑜2/3𝐾𝐾

𝑜𝑜1/3𝐾𝐾
 (2.11) 

Utilising the quota 𝑄𝑄, variables 𝑎𝑎 and 𝑃𝑃 are thereafter found in the 
diagrams represented in diagrams 2.1 and 2.2. For a numerical, 
programmatical identification of these variables, the diagrams would 
need to be converted to functions through linear regression, polynomial 
curve fitting, or a similar method. Second order processes will have a 
quota 𝑄𝑄 in the range 1.92 – 2.71, and third order processes 1.68 – 2.71. [17] 

 

 Diagram 2.1: Established 𝒂𝒂 and Diagram 2.2: 𝑷𝑷, based on 𝑸𝑸 [17]. 

A second order time constant 𝑇𝑇2𝑠𝑠𝑛𝑛, or third order 𝑇𝑇3𝑜𝑜𝑛𝑛 (depending on 
process order) can then be calculated per equation 2.12 or 2.13: 
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𝑇𝑇2𝑠𝑠𝑛𝑛 = 𝑜𝑜2/3

𝑃𝑃(1+𝑝𝑝)
 (2.12) 

𝑇𝑇3𝑜𝑜𝑛𝑛 = 𝑜𝑜2/3

𝑃𝑃(1+𝑝𝑝+𝑝𝑝2)
 (2.13) 

Lastly, based on process order, the transfer function can be modelled as 
in equation 2.14 for first order 𝐺𝐺(𝑠𝑠)1𝑜𝑜𝑜𝑜, 2.15 for second order 𝐺𝐺(𝑠𝑠)2𝑠𝑠𝑛𝑛, and 
2.16 for third order 𝐺𝐺(𝑠𝑠)3𝑜𝑜𝑛𝑛 processes. [17] 

𝐺𝐺(𝑠𝑠)1𝑜𝑜𝑜𝑜 = 𝐾𝐾
1+𝑇𝑇1𝑠𝑠𝑠𝑠𝑜𝑜

𝑒𝑒−𝐿𝐿𝑜𝑜 (2.14) 

𝐺𝐺(𝑠𝑠)2𝑠𝑠𝑛𝑛 = 𝐾𝐾
(1+𝑇𝑇2𝑠𝑠𝑟𝑟𝑜𝑜)(1+𝑝𝑝𝑇𝑇2𝑠𝑠𝑟𝑟𝑜𝑜)

𝑒𝑒−𝐿𝐿𝑜𝑜 (2.15) 

𝐺𝐺(𝑠𝑠)3𝑜𝑜𝑛𝑛 = 𝐾𝐾
(1+𝑇𝑇3𝑟𝑟𝑟𝑟𝑜𝑜)(1+𝑝𝑝𝑇𝑇3𝑟𝑟𝑟𝑟𝑜𝑜)(1+𝑝𝑝2𝑇𝑇3𝑟𝑟𝑟𝑟𝑜𝑜)

𝑒𝑒−𝐿𝐿𝑜𝑜 (2.16) 

2.2.3 Application of transfer functions 
There are several tools available to simulate a step response in discrete-
time based on a transfer function provided in continuous time, for 
example MATLAB [18]. However, the purpose of this project is to 
produce a standalone algorithm for universal application. The ability to 
rely on external systems cannot be expected. 

One approach is to approximate a discrete-time model with bilinear 
transformation, which involves mapping the continuous time s-plane to 
a discrete-time z-plane. The method is used in filter design; however, it is 
also susceptible to frequency warping [19]. Another method is to convert 
the transfer function to a state-space representation, to obtain a set of first 
order ordinary differential equations (ODE) and find discrete-time output 
through numerical integration.  However, for a given system, there are 
infinite state-space models that can represent it. To establish a systematic 
process, a standardized state-space model should be used. One 
standardized approach that is optimal for controller purposes is 
Controllable Canonical Form (CCF) [13]. Consider a typical transfer 
function, as in equation 2.17. 

𝐺𝐺(𝑠𝑠)3𝑜𝑜𝑛𝑛 = 𝑌𝑌(𝑜𝑜)
𝑈𝑈(𝑜𝑜)

= 𝑏𝑏2𝑜𝑜2+𝑏𝑏1𝑜𝑜+𝑏𝑏0
𝑜𝑜3+𝑝𝑝2𝑜𝑜2+𝑝𝑝1𝑜𝑜+𝑝𝑝0

∙ 𝑍𝑍
𝑍𝑍
 (2.17) 
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Note that the variable 𝑍𝑍 is added without causing a change to the transfer 
function properties [20]. The nominator and denominators can then 
respectively be defined as in equations 2.18 and 2.19. 

𝑌𝑌(𝑠𝑠) = [𝑏𝑏2𝑠𝑠2 + 𝑏𝑏1𝑠𝑠 + 𝑏𝑏0]𝑍𝑍  

 = 𝑏𝑏2𝑠𝑠2𝑍𝑍 + 𝑏𝑏1𝑠𝑠𝑍𝑍 + 𝑏𝑏0𝑍𝑍 (2.18) 

𝑈𝑈(𝑠𝑠) = [𝑠𝑠3 + 𝑎𝑎2𝑠𝑠2 + 𝑎𝑎1𝑠𝑠 + 𝑎𝑎0]𝑍𝑍  

 = 𝑠𝑠3𝑍𝑍 + 𝑎𝑎2𝑠𝑠2𝑍𝑍 + 𝑎𝑎1𝑠𝑠𝑍𝑍 + 𝑎𝑎0𝑍𝑍 (2.19) 

Inverse Laplace transform of equations 2.18 and 2.19 can achieve discrete-
time forms. This results in the differential equations in equations 2.20 and 
2.21. [20] 

𝑦𝑦(𝑡𝑡) = ℒ−1{𝑌𝑌(𝑠𝑠)} = 𝑏𝑏2
𝑛𝑛2

𝑛𝑛𝑜𝑜2
𝑧𝑧 + 𝑏𝑏1

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑧𝑧 + 𝑏𝑏0𝑧𝑧 (2.20) 

𝑢𝑢(𝑡𝑡) = ℒ−1{𝑈𝑈(𝑠𝑠)} = 𝑛𝑛3

𝑛𝑛𝑜𝑜3
𝑧𝑧 + 𝑎𝑎2

𝑛𝑛2

𝑛𝑛𝑜𝑜2
𝑧𝑧 + 𝑎𝑎1

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑧𝑧 + 𝑎𝑎0𝑧𝑧 (2.21) 

The state variables can then be defined, and the differential equations 
written as per equations 2.22 – 2.25 below. [20] 

𝑥𝑥1 = 𝑧𝑧 (2.22) 

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑥𝑥1 = 𝑥𝑥2 = 𝑛𝑛

𝑛𝑛𝑜𝑜
𝑧𝑧 (2.23) 

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑥𝑥2 = 𝑥𝑥3 = 𝑛𝑛2

𝑛𝑛𝑜𝑜2
𝑧𝑧 (2.24) 

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑥𝑥3 = 𝑥𝑥4 = −𝑎𝑎0𝑥𝑥1 − 𝑎𝑎1𝑥𝑥2 − 𝑎𝑎2𝑥𝑥3 + 𝑢𝑢 (2.25) 

The discrete-time output 𝑦𝑦(𝑡𝑡) and input 𝑢𝑢(𝑡𝑡) in equations 2.20 and 2.21, 
can then be rewritten as in equations 2.26 and 2.27. 

𝑦𝑦(𝑡𝑡) = 𝑏𝑏0𝑥𝑥1 + 𝑏𝑏1𝑥𝑥2 + 𝑏𝑏2𝑥𝑥3 (2.26) 

𝑢𝑢(𝑡𝑡) = 𝑥𝑥4 + 𝑎𝑎2𝑥𝑥3 + 𝑎𝑎1𝑥𝑥2 + 𝑎𝑎0𝑥𝑥1 (2.27) 
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In matrix form, this can be represented as in equations 2.28 and 2.29. [20] 

𝑛𝑛
𝑛𝑛𝑜𝑜�

𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
�=�

0 1 0
0 0 1
−𝑎𝑎0 −𝑎𝑎1 −𝑎𝑎2

�

𝐴𝐴

�
𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
�

𝐵𝐵

+�
0
0
1
�

𝐶𝐶

𝑢𝑢(𝑡𝑡) (2.28) 

with the output being: 

𝑦𝑦(𝑡𝑡) = [𝑏𝑏0 𝑏𝑏1 𝑏𝑏3] �
𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
� (2.29) 

Utilising Taylor expansion, the output can then be calculated through 
numerical integration. The value of a function 𝑓𝑓(𝑡𝑡) at time 𝑡𝑡 + ℎ can be 
estimated, if at least one derivative 𝑓𝑓′(𝑡𝑡) is known. This assumes that the 
utilised derivatives are constant between two steps. Therefore, the more 
derivatives at time 𝑡𝑡 that are known, and the smaller the step ℎ, the higher 
the accuracy. See equation 2.30, where 𝑛𝑛! Is the factorial and 𝑓𝑓𝑠𝑠(𝑡𝑡) the 𝑛𝑛𝑜𝑜ℎ 
derivation. [21]  

𝑓𝑓(𝑡𝑡 + ℎ) ≈ 𝑓𝑓(𝑡𝑡) + ℎ𝑠𝑠

𝑠𝑠!
⋅ 𝑓𝑓𝑠𝑠(𝑡𝑡) + ⋯ (2.30) 

2.3 Ant Colony Optimization (ACO) 
ACO is a probabilistic method which has previously been applied (with 
promising results) to find optimal PID parameters [3][5][10]. It has been 
found to be efficient for continuous optimization in general [22]. It should 
therefore be viable for this study. 

2.3.1 Origin in nature 
The main concept of ACO was originally proposed by Dorigo in 1992 [4]. 
It is based on the behaviour of foraging ants. Ants cooperate to find the 
shortest path to a food source. The path between their nest and food may 
contain several crossroads. Hence, they need to choose a path decide at 
each crossroad, striving to minimise overall distance.  
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Figure 2.5: Ants tracking pheromones to find the shortest path. 

Ants communicate by releasing pheromones as they travel to and from 
food sources [5]. The pheromones evaporate over time. That combined 
with the fact that it takes less time to travel down a short path, results in 
more pheromones on shorter paths. Ants are more likely to travel down 
a path with more pheromones [4]. Over time, they converge on the trail 
with the shortest combination of paths to food, as seen in figure 2.5, with 
red representing low, orange medium, and green high pheromone 
amounts. This can be likened to solving for a minimised cost function. 

2.3.2 Application to PID tuning 
An ideal PID controller produces an output based on the error 𝑒𝑒 between 
the setpoint 𝑟𝑟 and process value 𝑦𝑦, per equation 2.31. 

𝑒𝑒(𝑡𝑡) = 𝑟𝑟(𝑡𝑡) − 𝑦𝑦(𝑡𝑡) (2.31) 

The controller output 𝑢𝑢, based on proportional gain 𝐾𝐾𝑝𝑝, integral gain 𝐾𝐾𝑠𝑠 
and derivative gain 𝐾𝐾𝑛𝑛 is defined in equation 2.32. Each gain is multiplied 
with a proportional, integral, or derivative of the error 𝑒𝑒 respectively [5]. 

𝑢𝑢(𝑡𝑡) = 𝐾𝐾𝑝𝑝𝑒𝑒(𝑡𝑡) + 𝐾𝐾𝑠𝑠 ∫ 𝑒𝑒(𝑡𝑡)𝑜𝑜
0 + 𝐾𝐾𝑛𝑛

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑒𝑒(𝑡𝑡) (2.32) 

When tuning a PID controller with ACO, the goal is to find the 
combination of proportional, integral, and derivative gains that will 
result in the most optimal performance, measured my minimising a cost 
function. 
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The crossroads ants encounter when searching for short paths, can be 
likened to nodes of different gain values, see figure 2.6. By establishing a 
matrix (or node map) of potential values, choosing one for each gain, and 
then calculating the cost function based on them, the overall length (or 
cost) can be found. 

 

Figure 2.6: Example of ACO paths based on PID parameters. 

The amount of pheromone dispersed on the chosen paths would then be 
based on the result of the cost function in equation 2.5. As the process 
repeats, the most optimal paths would see the highest pheromone gains. 

2.3.3 Tuning algoritm 
The probability 𝑃𝑃  that an ant 𝑘𝑘 will chose a path from current node 𝑖𝑖 to a 
potential node 𝑗𝑗 at time 𝑡𝑡 can be calculated per equation 2.33. The sum in 
the denominator is that of the values of all forward nodes available to ant 
𝑘𝑘 at time 𝑡𝑡. The constants 𝛼𝛼 and 𝛽𝛽 can be altered for weighting [6]. 

𝑃𝑃𝑠𝑠𝑖𝑖𝑝𝑝(𝑡𝑡) = �𝜏𝜏𝑠𝑠𝑖𝑖(𝑜𝑜)�𝛼𝛼�𝜂𝜂𝑠𝑠𝑖𝑖(𝑜𝑜)�𝛽𝛽

∑ �𝜏𝜏𝑠𝑠𝑖𝑖(𝑜𝑜)�𝛼𝛼�𝜂𝜂𝑠𝑠𝑖𝑖(𝑜𝑜)�𝛽𝛽𝑠𝑠𝑖𝑖∈𝑇𝑇𝑝𝑝
 (2.33) 

This also includes a heuristic value 𝜂𝜂𝑠𝑠𝑖𝑖 for each node. The purpose of this 
is to make the algorithm more efficient than ants in nature. A heuristic 
function can be designed based on the purpose of the ACO algorithm 
[5][6]. As the equation shows, initial values 𝜏𝜏0 > 0  and 𝜂𝜂0 > 0 must be set 
for all nodes [5].   
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After choosing three consecutive paths (and thereby node parameters), 
the cost function in equation 2.5 can be evaluated by running a step 
response with the chosen parameters, on the mathematical model of the 
process. The pheromone and heuristic values of the paths taken are then 
updated. This is referred to as local pheromone updating [3]. A common 
approach is to first devalue the prior pheromone value 𝜏𝜏𝑠𝑠𝑖𝑖(𝑡𝑡 − 1) for a 
path 𝑖𝑖𝑗𝑗 by some factor 𝜌𝜌, to (over time) devalue poor choices [5]. To this 
updated value, another value is added, typically based on a quotient of 
the (at the time) best cost function result 𝑓𝑓𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜, and the current result 𝑓𝑓𝑝𝑝 
[23]. The better the current result, the more pheromone is added. How the 
local heuristic value 𝜂𝜂𝑠𝑠𝑖𝑖 is updated depends on the heuristic function. 
After local pheromone updating is complete, the current best and worst 
cost functions found are updated, if applicable [5][23]. After the local 
update is complete, the process is iterated with a new ant choosing a path, 
until the total number of ants 𝑧𝑧 have been simulated. 

A global pheromone update can be performed every 𝑛𝑛th iteration during the 
process. In most variations of ACO, this entails elevating the pheromone 
values of the paths with the best cost function result 𝑓𝑓𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜, and decreasing 
the values of those with the worst, 𝑓𝑓𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 [23]. After 𝑧𝑧 ants have been 
simulated, the nodes (parameters) connected to the paths with the lowest 
resulting cost function 𝑓𝑓𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜 are considered optimal. 

2.4 Social and ethical considerations 
The secondary aim of the project is to develop the framework with 
usability and human-machine interaction in mind, topics which are 
covered in this subchapter. 

2.4.1 Social and ethical perspectives 
Improved controller performance should be of societal benefit through 
improved sustainability [24], but overreliance on such solutions may be 
harmful to overall sustainability. It has been shown that automation can 
negatively impact the pro-environmental behaviour of end users, as they 
expect automation to keep processes efficient [25]. Regardless if the 
developed algorithm is dependable or not, confirming calculations prior 
to implementation would enhance reliability. 

Testing should be carried out such that it does not have negative impacts. 
It would be advisable to perform online tests with minimal impact on 
businesses, people, and environments. 
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2.4.2 Human-machine psychosocial perspectives 
Operators must take appropriate action if a program does not. Several 
studies have shown that if an automated solution is reliable initially, 
operators tend to keep trusting it even if it gives poor advice later 
[26][27][28]. This is known as automation bias [29]. Operators also tend to 
miss or disregard requests for human input, if a system normally works 
autonomously. In other words, automation can cause complacency [30]. 

 

Figure 2.7: Risk compensation, meaning to act with less care if protected. [31] 

The issue can be further inflated by risk compensation (figure 2.7), a 
behaviour found in several fields and studies [30][32] in which end users, 
knowing from experience equipment or systems are safe, take elevated 
risks. The elevated risk behaviour even remains after the safety is 
removed [30]. Before implementing a fully autonomous tuning 
algorithm, a more in-depth study should be carried out on how the 
impact of risk factors as these can be reduced in the final system. 

2.4.3 Gender and equality perspectives 
If an operator is to take appropriate actions, a system must be user 
friendly and accessible for any operator. Hence, topics such as equal 
opportunities and gender equality should be considered. Gender equality 
encompasses the (inappropriate) tendency to classify norms, behaviours, 
and interests, as belonging to a (traditionally male or female) gender class 
[33]. This is also referred to as gender bias. Presenting information with 
gender biased elements can limit its audience [34]. Presenting 
information in a biased manner may even further cement biases [35]. It 
would therefore be advisable to avoid words, graphics and other design 
elements that have historically been gender biased.   
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3 Methodology 
Related works were studied to establish a framework for technical 
solutions to problems P1–P6. Two scenarios for implementation, F1 and 
F2, were designed to mimic related research and build upon it. The 
consolidation of these solutions in a framework for practical application 
constitutes the original contribution of the study. 

3.1 Test environments, hardware, and software 
The specifications of the environments in which the algorithm was 
deployed follow below.  

3.1.1 Simulated setup (F1) 
Previous works have already shown that ACO tuning can be tested in 
MATLAB [3, 5]. A simulated water tank in Factory I/O (figure 3.1) was 
therefore chosen instead [36], as a bridge to practical application. See 
appendix A for the source file. 

 

Figure 3.1: The tank in Factory I/O. 
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Factory I/O was connected to a simulated Siemens S7-1500 Programmable 
Logic Controller (PLC). The outflow from the tank was regulated by the 
outlet valve every 10th millisecond. The tank was kept at capacity. A 
pseudo-random 𝑒𝑒𝑠𝑠𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜 derived from the multiply-with-carry (MWC) [37] 
and Simpler methods [38] was added to the process value 𝑦𝑦(𝑡𝑡).  

3.1.2 Physical setup (F2) 
The ventilation system of preschool Skolspåret 77 in Angered, Sweden as 
probed. See figure 3.2 for the school layout, and figure 3.3 for a system 
view. Air pressure was read by pressure sensor GP12 and regulated by 
frequency inverter and fan FF01 once per second. The sensor readings 
suffered from oscillations, even with a virtual filter in place to calculate a 
rolling average. 

 

Figure 3.2: Top-down view of the preschool [39]. 

A Beckhoff Cx5130 PLC controlled the system, with a PID control 
algorithm by Jitea AB. This environment was considered to represent a 
typical building automation scenario. 
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 Figure 3.3: Ventilation system plant view. 

Due to social and ethical considerations, the experimental algorithm was 
only applied outside the school’s opening hours. 

3.2 Problems and test procedure 
The employed solutions to answering the questions for F1 and F2 posed 
in the Introduction chapter are outlined below. 

3.2.1 Performance measurement (P1) 
The first problem was P1: How can the performance of the initial and final PID 
parameters in cases F1 and F2 be reliably measured?  

Based on the related theory, a consolidated cost function for overshoot 
𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜 (see equation 2.1), rise time 𝑓𝑓𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜 (equation 2.2), settling time 
𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (equation 2.3) and integral absolute error 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼 (equation 2.4) was 
established, per equation 3.1. 

𝑓𝑓𝑠𝑠𝑜𝑜𝑜𝑜 = 𝑤𝑤1𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑤𝑤2𝑓𝑓𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜 + 𝑤𝑤3𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑤𝑤4𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼 (3.1) 

The weights 𝑤𝑤1,𝑓𝑓1 = 0.005, 𝑤𝑤2,𝑓𝑓1 = 0.0003, 𝑤𝑤3,𝑓𝑓1 = 0.03, and 𝑤𝑤4,𝑓𝑓1 =
0.0012 as well as 𝑤𝑤1,𝑓𝑓2 = 0.1, 𝑤𝑤2,𝑓𝑓2 = 0.001, 𝑤𝑤3,𝑓𝑓2 = 0.002, and 𝑤𝑤4,𝑓𝑓2 =
0.002 where defined, based on the potential maximum values of each 
individual cost, assuming they were all equally relevant. 

An algorithm was developed to initiate a closed-loop setpoint step  
response test in F1 and record the process value as it changed. It can be 
found in two languages in appendix B and C respectively. In the F2  
scenario, process value was logged continuously by existing functions, so 
a setpoint step change was initiated manually. 
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3.2.2 Identifying a transfer function (P2) 
Next was P2: When applying a step response algorithm, is the system able to 
identify a reasonable, open-loop transfer function in the F1 and F2 
environments? 

An algorithm for finding the transfer function of the main process was 
developed (see appendixes B and C), based on the open-loop step 
response approach [17]. Sensor characteristics were disregarded, but 
noise amplitude was accounted for. Step sizes 𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜 (𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜,𝑓𝑓1 =
60%, 𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜,𝑓𝑓2 = 20%) and recording times 𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟 (𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟,𝑓𝑓1 = 10 𝑠𝑠, 𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟,𝑓𝑓2 = 80 𝑠𝑠) 
were based on system responsiveness. 

The controller was overruled, and the prior control value 𝑐𝑐𝑝𝑝𝑠𝑠 replaced 
with 𝑐𝑐𝑝𝑝𝑜𝑜 per equation 3.2. The program then waited 𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟 seconds for 
stabilisation. 

 𝑐𝑐𝑝𝑝 = 𝑐𝑐𝑝𝑝𝑜𝑜 = 𝑟𝑟𝑜𝑜𝑠𝑠
1+𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝⋅0.01

 (3.2) 

The program then recorded the process value for 𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟 seconds, to estimate 
the noise amplitude. Interference from interconnected processes was 
assumed negligible. The first and last 10% of the recorded data was 
evaluated to find the minimum, maximum and mean amplitudes in these 
slots. If the mean of each slot fit in the range of the other reciprocally, the 
system was considered stabilised, and the control value restored. If not, 
the process was restarted. Next, a new recording for 𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟 seconds was 
made. The time 𝑡𝑡𝑜𝑜𝑝𝑝𝑠𝑠 until the first recorded amplitude above half the 
noise range (equation 3.3) was considered the delay time 𝐿𝐿.  

𝐿𝐿 = 𝑡𝑡𝑜𝑜𝑝𝑝𝑠𝑠 (3.3) 

Next the scan would continue to find the peak 𝑝𝑝𝑝𝑝 (minus half the noise 
range). The gain 𝐾𝐾 (equation 3.4) was then based on the quota of the 
difference in process value ∆𝑝𝑝𝑝𝑝 and control value ∆𝑐𝑐𝑝𝑝.  

𝐾𝐾 = ∆𝑝𝑝𝑜𝑜
∆𝑟𝑟𝑜𝑜

= ∆𝑝𝑝𝑜𝑜
𝑟𝑟𝑜𝑜𝑠𝑠−𝑟𝑟𝑜𝑜𝑠𝑠

 (3.4) 
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 Figure 3.4: Search steps for 𝑳𝑳, 𝑲𝑲, 𝒕𝒕𝟏𝟏/𝟑𝟑, 𝒕𝒕𝟐𝟐/𝟑𝟑, and 𝒕𝒕𝟎𝟎.𝟔𝟔𝟑𝟑𝑲𝑲. 

The index of the first value after the delay time 𝐿𝐿 passing the condition 
𝑝𝑝𝑝𝑝(𝑡𝑡) ≤ 1

3
𝐾𝐾 ≤ 𝑝𝑝𝑝𝑝(𝑡𝑡 + 1) was stored as 𝑡𝑡1/3𝑝𝑝, and the index of the last value 

passing 𝑝𝑝𝑝𝑝(𝑡𝑡 − 1) ≤ 2
3
𝐾𝐾 ≤ 𝑝𝑝𝑝𝑝(𝑡𝑡) was stored as 𝑡𝑡2/3𝑝𝑝. The index of the first 

value preceding 2
3
𝐾𝐾 that passed the 1

3
𝐾𝐾 condition was then stored as 𝑡𝑡1/3𝑏𝑏, 

as was the index of the first value following 𝑡𝑡1/3𝑏𝑏 passing the 2
3
𝐾𝐾 criteria, 

as 𝑡𝑡2/3𝑏𝑏. The mean times of these values minus delay time (equations 3.5 
– 3.6) were based on equations 2.9 – 2.10. Lastly, the time (minus delay) 
of the index of the first value passing the condition 𝑝𝑝𝑝𝑝(𝑡𝑡) ≤ 0.63𝐾𝐾 ≤
𝑝𝑝𝑝𝑝(𝑡𝑡 + 1) was stored as 𝑡𝑡0.63𝐾𝐾. The process is illustrated in figure 3.4.  

𝑡𝑡1/3 = 𝑜𝑜1/3𝑝𝑝+𝑜𝑜1/3𝑏𝑏

2
− 𝐿𝐿 (3.5) 

𝑡𝑡2/3 = 𝑜𝑜2/3𝑝𝑝+𝑜𝑜2/3𝑏𝑏

2
− 𝐿𝐿 (3.6) 
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If the condition 𝑡𝑡2/3 ≤ 𝑡𝑡0.63𝐾𝐾 was met, the step response was restarted, as 
0.63𝐾𝐾 and 2

3
𝐾𝐾 should appear in a logical order. This entire process was 

repeated twice (a double bump test), for increased accuracy without 
unnecessary process impact [12]. Final values for each parameter were 
considered the means from the iterations. The quota 𝑄𝑄 (equation 3.7) was 
then calculated. 

𝑄𝑄 = 𝑜𝑜2/3𝐾𝐾

𝑜𝑜1/3𝐾𝐾
 (3.7) 

The transfer function order was based on the 𝑄𝑄 value [17]. It was 
considered of second order if the condition 1.92 ≤ 𝑄𝑄 ≤ 2.71 was met [17]. 
Third order processes pass the condition 1.68 ≤ 𝑄𝑄 ≤ 2.71 [17]. Thus, third 
order was used for the limited range 1.68 ≤ 𝑄𝑄 < 1.92. First order was 
used for any other 𝑄𝑄. 

The first order time constant was already established. To find the second 
(equation 3.8) and third order time constants (equation 3.9), values 𝑎𝑎 and 
𝑃𝑃 (see appendix D), based on 𝑄𝑄 and order were derived from existing 
diagrams [17] through polynomial curve fitting [40].  

𝑇𝑇2𝑠𝑠𝑛𝑛 = 𝑜𝑜2/3

𝑃𝑃(1+𝑝𝑝)
 (3.8) 

𝑇𝑇3𝑜𝑜𝑛𝑛 = 𝑜𝑜2/3

𝑃𝑃(1+𝑝𝑝+𝑝𝑝2)
 (3.9) 

The transfer function was modelled (see equations 2.14 – 2.16) based on 
order. See diagram 4.1 in the Design chapter for a process flow chart. 
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3.2.3 Tuning with ACO (P3) 
The third problem was P3: When applying an ACO algorithm in scenarios F1 
and F2, is the system able to suggest a new set (Y) of PID parameters, based on 
the original set (X)?  

A random 100x3 matrix of nodes of 𝐾𝐾𝑝𝑝, 𝐾𝐾𝑠𝑠, and 𝐾𝐾𝑛𝑛 parameters in the 0 – 
300 % range of the those initially tuned through a proprietary method of 
Jitea AB was established. Jitea AB requested the study to improve their 
tuning, and several studies have already shown that ACO is capable of 
finding better parameters than Ziegler-Nichols [1] and similar methods 
[5][10]. Each iterated ant chose three consecutive nodes based on equation 
3.10.  

𝑃𝑃𝑠𝑠𝑖𝑖𝑝𝑝(𝑡𝑡) = �𝜏𝜏𝑠𝑠𝑖𝑖(𝑜𝑜)�𝛼𝛼�𝜂𝜂𝑠𝑠𝑖𝑖(𝑜𝑜)�𝛽𝛽

∑ �𝜏𝜏𝑠𝑠𝑖𝑖(𝑜𝑜)�𝛼𝛼�𝜂𝜂𝑠𝑠𝑖𝑖(𝑜𝑜)�𝛽𝛽𝑠𝑠𝑖𝑖∈𝑇𝑇𝑝𝑝
 (3.10) 

Where 𝑃𝑃𝑠𝑠𝑖𝑖𝑝𝑝(𝑡𝑡) was the probability that ant 𝑘𝑘 would choose node 𝑗𝑗 within 
reach of current node 𝑖𝑖 at time 𝑡𝑡. The pheromone 𝜏𝜏𝑠𝑠𝑖𝑖, and the heuristic 
value 𝜂𝜂𝑠𝑠𝑖𝑖 of node 𝑖𝑖, 𝑗𝑗 at time 𝑡𝑡 was initially set to 𝜏𝜏0 = 1 and 𝑛𝑛0 = 0.5 for 
all nodes, and later updated locally and globally as outlined further 
below. The exponential constants where set to 𝛼𝛼 = 5, 𝛽𝛽𝑓𝑓1 = 0.25 and 𝛽𝛽𝑓𝑓2 =
0.5 respectively. These initial values were based on those used in previous 
research [5][10][11], and a hope to evaluate the influence of the heuristic 
function. The individual probabilities and their sum for all nodes in each 
segment were normalised in each iteration. A node with a higher 
probability took up a larger space in the 0-1 range. The random algorithm 
previously detailed was used to select a node in each segment. 

An algorithm was produced for numerical integration of ODEs, identified 
through the state-space representation of the identified transfer function, 
and incorporating the behaviour of an ideal PID controller, utilising the 
concepts outlined in the Theory chapter to simulate a closed-loop step 
response. The calculations involved can be found in appendix E. The 
output was stored in a 10,000x1 array. The sample rate 𝑡𝑡𝑜𝑜𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑜𝑜 
(𝑡𝑡𝑜𝑜𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑜𝑜,𝑓𝑓1 = 10 𝑠𝑠, 𝑡𝑡𝑜𝑜𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑜𝑜,𝑓𝑓2 = 200 𝑠𝑠), and the controller intervention rate 
𝑐𝑐𝑝𝑝𝑟𝑟𝑜𝑜 (𝑐𝑐𝑝𝑝𝑟𝑟𝑜𝑜,𝑓𝑓1 = 10 𝑚𝑚𝑠𝑠, 𝑐𝑐𝑝𝑝𝑟𝑟𝑜𝑜,𝑓𝑓2 = 1 𝑠𝑠) were set and used in each case. The 
assumption was made that this array size would be sufficient for Taylor 
expansion [21]. The cost function 𝑓𝑓𝑠𝑠𝑜𝑜𝑜𝑜  based on the output for the chosen 
parameters of ant 𝑘𝑘 with each iteration was calculated per equation 3.1 in 
3.2.4 performance measurement (P1).  
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A local pheromone update (equation 3.11) was then applied, based on the 
evaporation rate (to forget poor choices) 𝜌𝜌 (𝜌𝜌𝑓𝑓1 = 0.75,  𝜌𝜌𝑓𝑓2 = 0.5) and a 
quota of the lowest found cost function 𝑓𝑓𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜 and the current cost function, 
𝑓𝑓𝑠𝑠𝑜𝑜𝑜𝑜. 

𝜏𝜏𝑠𝑠𝑖𝑖(𝑡𝑡) = 𝜌𝜌𝜏𝜏𝑠𝑠𝑖𝑖(𝑡𝑡 − 1) + 𝑓𝑓𝑏𝑏𝑝𝑝𝑠𝑠𝑠𝑠
𝑓𝑓𝑠𝑠𝑝𝑝𝑠𝑠

 (3.11) 

The assumption was made that poor nodes would occasionally be 
combined with better ones and (unavoidably) receive unwarranted 
pheromone. Consistently well performing nodes would have a 
consistently low (good) cost functions. The heuristic function was 
therefore designed, and the value updated as, a rolling average (equation 
3.12), where 𝜃𝜃𝑓𝑓1 = 10, 𝜃𝜃𝑓𝑓2 = 90 and 𝑛𝑛 the number of iterations including 
node 𝑖𝑖, 𝑗𝑗. 

𝜂𝜂𝑠𝑠𝑖𝑖(𝑡𝑡) = 𝜂𝜂𝑠𝑠𝑖𝑖(𝑡𝑡 − 1) +
𝜃𝜃

𝑓𝑓𝑠𝑠𝑝𝑝𝑠𝑠
−𝜂𝜂𝑠𝑠𝑖𝑖(𝑜𝑜−1)

𝑠𝑠
 (3.12) 

After every 10th iteration in F1, and 5th in F2, a global update was applied 
to the 3 nodes belonging to the best 𝑓𝑓𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜 and worst 𝑓𝑓𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 cost functions 
respectively, found so far. The inverse of the related cost function 
multiplied by a factor 𝜆𝜆 = 20,000 was either added or subtracted per 
equations 3.13 – 3.14.  

𝜏𝜏𝑠𝑠𝑖𝑖,𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) = 𝜏𝜏𝑠𝑠𝑖𝑖,𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡 − 1) + 𝜆𝜆 1
𝑓𝑓𝑏𝑏𝑝𝑝𝑠𝑠𝑠𝑠

 (3.13) 

𝜏𝜏𝑠𝑠𝑖𝑖,𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) = 𝜏𝜏𝑠𝑠𝑖𝑖,𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡 − 1) − 𝜆𝜆 1
𝑓𝑓𝑤𝑤𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠

 (3.14) 

The nodes belonging to the 𝑓𝑓𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜 after the process had been repeated 100 
times (for a total 1,000 ants in F1 and 500 in F2) where considered the most 
optimal solution. 

3.2.4 Pre- and post-tuning assessment (P4 – P5) 
The questions were P4: Is there a noticeable difference in performance with the 
new set (Y) over the old (X), in the F1 and F2 scenarios respectively? And P5: 
How well does the difference (in each case F1 and F2) match with the predicted 
difference by the algorithm? 

By employing the recording methods outlined in 3.2.1 Performance 
measurement (P1) during closed-loop step responses, the results could be 
graphed alongside the predicted results by the modelling algorithm. This 
would also allow for analysis of the accuracy of the modelling algorithm.  
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3.2.5 Autonomous expandability (P6) 
The final question was P6: How can the system most optimally be applied for 
autonomous, self-tuning use? 

This was left to be considered in the Discussion and Conclusion chapters, 
as unambiguous proposals would need to be based on how the results 
correlate to the related works. 
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4 Design 
Here the technical specifications and procedures that were used to 
implement the algorithms discussed in the methodology are summarised.  

4.1.1 Technical requirements and considerations 
The algorithm should work regardless of sensor reading or actuator 
writing ranges. The decision was made to always work with normalised 
process and control values, in order to make the algorithm adaptable to 
differing scenarios. Process values were normalised when read, and 
control values scaled before written. The scaling ranges were manually 
set based on sensor and actuator properties. 

The algorithm must be safe to operate, and not negatively impact the 
physical setting in F2. The physical PLC did not have any programming 
in place to handle exceptions. As such, it was decided that when 
programming, extra attention should be given to logic that might result 
in an exception. 

4.1.2 Implementation, documentation, and interface 
The algorithm was written in Structured Control Language (SCL) in TIA 
Portal for the F1 scenario and converted to Structured Text (ST) in Visual 
Studio for the physical case F2. This was done to make it widely 
applicable, and to test if robustness would carry over. The PID controller 
in the F1 case was the PID compact block developed by Siemens, and a 
controller developed by Jitea AB in F2. The full source code is available 
as SCL in appendix B, and ST in appendix C. A flow chart for the 
algorithm, inside the framework, can be seen in figure 4.1. 
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Figure 4.1: Flow chart for the algorithm inside the framework. 

No interface was designed for the algorithm. This was in part due to the 
fact that it was not considered part of the project, and also because the 
related works on psychosocial aspects showed that the design of an 
optimal interface would warrant an independent study. Instead, the 
initiating mode as per the flow chart in figure 4.1 above was set manually 
in the PLC. Psychosocial and gender equality aspects were however 
considered when writing commentary in the source code. An earnest 
attempt was made to keep the source code clearly formatted, and well-
explained in a non-gender biased way. 

MATLAB (with the control systems and curve fitting toolboxes) was used 
for uniform graphing purposes. It was also used to confirm the results of 
the algorithm, which (as outlined above) worked independently. 
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5 Results 
5.1 Simulated environment (F1) 

The initial PID parameters of the controller (refer to table 5.1) were set per 
the unpublished tuning methodology of Jitea AB. The parameters 
produced a functional PID controller for the model. They were noted to 
produce a settling time of 3 seconds, and an overshoot of approximately 
10%. A closed-loop step response test of these parameters can be found 
in diagram 5.3 on the page following the next. 

A double bump test was carried out. The process was captured through 
Win CC Advanced software and is represented in diagram 5.1 below. It 
was noted that a request to change setpoint was made during the bump 
test. This request was ignored (as programmed) until the bump test 
finished, which is indicated by the raised setpoint and control value after 
the test. All bump test results were stored prior to allowing this setpoint 
change. 

 

 Diagram 5.1: The double bump test process in F1. 

A second order transfer function for the process was identified, as found 
in equation 5.1 below. 

𝐺𝐺(𝑠𝑠) = 𝐾𝐾
(1+𝑇𝑇2𝑠𝑠𝑟𝑟𝑜𝑜)(1+𝑝𝑝𝑇𝑇2𝑠𝑠𝑟𝑟𝑜𝑜)

𝑒𝑒−𝐿𝐿𝑜𝑜 (5.1) 
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The properties of the transfer function are presented below in table 5.1. 

Table 5.1: Transfer function properties for F1. 
 

Static gain 𝑲𝑲 0.99551514652194 
Delay time 𝑳𝑳 (s) 0.0625000029685907 
Time constant 𝑻𝑻𝟐𝟐𝟐𝟐𝟐𝟐 (s) 0.0693178184242282 
Variable 𝒂𝒂 0.303080502897501 

 
The ACO algorithm, based on the process model, produced an optimal, 
weighted cost function 𝐹𝐹𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜 (and thereby new PID parameters) with a 
value of 25.99979. For comparison, the equivalent cost function of the 
initial PID parameters was found to be 33.12465. The initial and proposed 
tuning parameters are presented in table 5.2. 

Table 5.2: Initial and tuned PID parameters for F1. 
 

 Initial Tuned 
Proportional gain, 𝐾𝐾𝑝𝑝 0.06 0.03213303 
Integral gain, 𝐾𝐾𝑠𝑠 0.03529412 0.01889855 
Derivative gain, 𝐾𝐾𝑛𝑛 0.012 0.02073273 

 

The derivation of the cost function 𝐹𝐹𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜 through the ACO iterations can 
be found in figure 5.2.  

 

 Diagram 5.2: The ACO algorithm converging on an optimal cost function for F1. 
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The expected responses (based on the process model) of the initial, as well 
as the proposed parameters were graphed together for purpose of 
comparison. Closed-loop setpoint step responses were also carried out 
with both sets of parameters. These four graphs can be seen unified in 
diagram 5.3. 

 

 Diagram 5.3: The modelled and physical behaviours of the parameter sets. 

The proposed parameters for tuning produced similar settling and rise 
times as the initial parameters, but without any overshoot. 
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5.2 Physical environment (F2) 
The physical controller had since previously been tuned to parameters 
available in table 5.4 on the page following the next. A closed-loop step 
response test of these parameters can be found in diagram 5.6 on the page 
following the two next. 

A double bump test was carried out. The process was captured through 
Citect SCADA, and JiTool, developed by Jitea AB to capture Citect 
SCADA data. The process can be seen in diagram 5.4 below. It was noted 
that as in the simulated environment, the control value spiked briefly 
after the test. The noise level was also noted as higher than in F1. 

 

 Diagram 5.4: The double bump test process in F2. 

A third order transfer function for the process was identified in this case, 
found in equation 5.2 below. 

𝐺𝐺(𝑠𝑠)3𝑜𝑜𝑛𝑛 = 𝐾𝐾
(1+𝑇𝑇3𝑟𝑟𝑟𝑟𝑜𝑜)(1+𝑝𝑝𝑇𝑇3𝑟𝑟𝑟𝑟𝑜𝑜)(1+𝑝𝑝2𝑇𝑇3𝑟𝑟𝑟𝑟𝑜𝑜)

𝑒𝑒−𝐿𝐿𝑜𝑜 (5.2) 

The properties of the transfer function are presented below in table 5.3. 
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Table 5.3: Transfer function properties for F1. 
 

Static gain 𝑲𝑲 1.3591979082117929 
Delay time 𝑳𝑳 (s) 5.8 
Time constant 𝑻𝑻𝟑𝟑𝟑𝟑𝟐𝟐 (s) 0.69022284256947408 
Variable 𝒂𝒂 6.2713892394246649 

 
The ACO algorithm, based on the process model, produced an optimal, 
weighted cost function 𝐹𝐹𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜 (and thereby new PID parameters) with a 
value of 2.68932819. For comparison, the equivalent cost function of the 
initial PID parameters was found to be 4.37516546. The initial and 
proposed tuning parameters are presented in table 5.4. 

Table 5.4: Initial and tuned PID parameters for F2. 
 

 Initial Tuned 
Proportional gain, 𝐾𝐾𝑝𝑝 0.1250 0.161854178 
Integral gain, 𝐾𝐾𝑠𝑠 0.0179 0.0112134321 
Derivative gain, 𝐾𝐾𝑛𝑛 0.3750 0.3028779 

 
The derivation of the cost function 𝐹𝐹𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜 through the ACO iterations can 
be found in figure 5.5.  

 

 Diagram 5.5: The ACO algorithm converging on an optimal cost function for F2. 
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The expected responses (based on the process model) of the initial, as well 
as the proposed parameters were graphed together for purpose of 
comparison. Closed-loop setpoint step responses were also carried out 
with both sets of parameters. These four graphs can be seen unified in 
diagram 5.6. 

 

 Diagram 5.6: The modelled and physical behaviours of the parameter sets. 

It was noted that the proposed improvement was similar to that in F1. A 
higher degree of noise than in F1 was also noted for the closed loop. 
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6 Discussion 
In closing, the results, as well as the employed methodology, are 
reviewed and analysed based on the general aims of the study. 

6.1 Primary performance aims 
The primary aim was to design a reliable tuning algorithm for PID 
controllers (based on previous theoretical research), mimicking advanced 
solutions, without the same strenuous investment requirements.  

The performance measurement (P1) solution worked but could be 
improved. It was well-established in previous research. During 
development, individual performance indicator weights heavily 
influenced the outcome. Weights were estimated for minimal overshoot, 
with retained settling time. However, tuning rules for the weights based 
on preferred optimization (for a given case) could improve the algorithm. 

Bump test procedures (P2) included major assumptions but produced 
mostly consistent results. It was more sensitive to noise in the practical 
application, requiring twice the expected stabilisation time. Measuring 
only initial and final noise intervals reduced the influence of 
interconnected processes but increased the error margin. Also, the control 
value spiked post-test in both scenarios, most likely due to integral 
windup overruling the controller. Nevertheless, consecutive trials during 
development produced consistent results. However, process order 
(single variable based) could fluctuate. Functions derived from scanned 
diagrams could further be improved. Finally, efficiency would have 
doubled by also analysing the downwards step response. 
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The tuning process (P3) produced retained settling times, similar (but 
slightly reduced) rise times, and completely removed overshoot, in both 
scenarios (P4). Based on the performance indicator weights, this suggests 
the tuning method to be reliable, although it could be refined. Firstly, the 
delay characteristic was lost in the state-space representation. Attempting 
to apply bilinear transform instead, as covered in the Theory chapter, 
could have provided valuable insights. However, developing two 
different algorithms fell outside the scope of the project.  The array size 
for numerical integration was locked to 10,000 entries, regardless of 
recording time. The accuracy appears to have been acceptable, although 
it could be lower with longer recording times. The relationship between 
acceptable cycle time and possible array size was not established. An 
attempt was made to reintroduce delay time in the numerical integration, 
at least conceptually. This appears to have increased the accuracy of the 
model, but no in-depth analysis was done as to which degree. Further, 
the PID controller was introduced in ideal form. Real controllers can have 
intrinsic functions. It is therefore hard to determine how accurate the 
model is for any given controller. In regard to the cost function, it is 
important to note that it was the change (within the range of the highest 
and lowest values that was relevant), not the mean amplitude. This is 
illustrated well by the change in F1 and F2, in relation to the results. It 
would have been more pedagogical to normalise the values before 
presentation. Finally, much testing would be required to find the optimal 
ACO variables, such as evaporation rate. The tuning process (P3) 
ultimately produced tuned parameters adherent to the cost function 
weights, indicating that the tuning process worked. Settling time 
remained the same, while rise time as slightly lowered, but overshoot 
removed. This was true for both cases (P4). It is important to note that the 
definition of an improvement is case-dependent. Further testing could 
have shown if the algorithm is consistently reliable, for example when 
optimising strictly focused on rise time. 
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Examining the relationship between the predicted and actual outcomes 
of initial and tuned parameters in both cases (P5), it was clear that they 
were not identical, but followed the same trends. Part of the differences 
could be explained by the limitations of the numerical integration 
outlined above. Different PID controllers were used in the two cases, so 
inherit controller functions should not have been a major contributing 
factor. The differences were larger in the physical setup, where the actual 
outcome contained a high rate of oscillations, pre- and post-tuning. 
However, as noted, the sensor suffered from faulty oscillating readings. 

The framework and its algorithm appear sound for autonomous 
implementation (P6), but some advances will be needed beforehand. 
Simultaneous tuning of multiple (interlinked) controllers would require 
some adaption, perhaps implementation of a token ring scheme, in which 
tuning permission could be rotated. Autonomous operation would most 
likely benefit from standardised ACO variables, and more accurate 
numerical integration. There are already circa 1600 lines of source code 
per language (unusual for one PLC function), and it would need to be 
optimised or split up if expanded. Process order identification would 
need to be more consistently reliable and based on more factors. The 
algorithm would also need an established precondition to rerun, such as 
a considerable change in an independent variable. The latter issue could 
potentially be solved by implementing the algorithm in a wider condition-
based maintenance scheme, in which several measurements are taken on a 
system to find optimal actions. 
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6.2 Secondary social and ethical aims  
The secondary aim was to design the program considering social, 
psychosocial, ethical, and gender equality related matters.  

From an ethical standpoint, it was good that the physical environment 
was only utilised outside school opening hours, as the PLC shut down 
due to exceptions a few times during development. Since the algorithm 
ultimately appeared to work, implementing it for tuning could 
potentially result in societal benefit through cut costs, decreased 
environmental impact (and thus increased sustainability), or increased 
safety, depending on the purpose of any process it is applied to regulate. 
The framework was designed to follow a straight-forward and logical 
track. Source code was explained in a thorough, non-gender biased way. 
Manual start was required, and all results from each step were stored to 
be easily read and interpreted from the PLC. The goal with this as to allow 
for future implementation of an interface, with the tools available to 
counteract automation bias and complacency. Developing such an 
interface for autonomous implementation would most likely warrant its 
own pre-study on psychosocial and gender equality topics, as the system 
must be accessible to be safe. 
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7 Conclusions  
Having designed the framework, developed and tested the algorithm, as 
well as analysed the results, som conclusions were drawn. 

7.1 Concrete and verifiable goals 
In regard to the questions posted at the start of the study, the final 
answers to and thoughts are as follows. 

P1: How can the performance of the initial and final PID parameters in 
cases F1 and F2 be reliably measured?  

By utilising a consolidated cost function derived from related works, 
based on measuring and weighting overshoot, rise time, settling time and 
integral absolute error, it can be concluded that performance can be 
measured both during prediction (for tuning) and online, closed-loop 
step response tests. 

P2: When applying a step response algorithm, is the system able to 
identify a reasonable, open-loop transfer function in the F1 and F2 
environments?  

When a double bump test was applied, and an online, open-loop step 
response measured, the system was able to provide consistent and 
reliable transfer function to identify a given process. However, it is 
concluded that in order to decrease the margin of error further, the model 
needs to be expanded to fully capture noise and sensor characteristics. 
Also, it is concluded that the error margin could be decreased further by 
adding more conditions for evaluating process order, and if functions 
derived through polynomial curve fitting could be improved or replaced.  
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P3: When applying an ACO algorithm in scenarios F1 and F2, is the 
system able to suggest a new set (Y) of PID parameters, based on the 
original set (X)?  

In short, the conclusion is that yes, ACO can be used in a physical 
environment for this purpose. However, it could function even more 
efficiently if a pre-study (or related works) had focused more closely on 
finding optimal ACO model variables. However, the main bottleneck to 
producing even better results is concluded to most likely have been the 
numerical integration method applied. In fact, for this entire algorithm, 
the most important part to improve would most likely be the 
methodology of going from open-loop transfer function, to simulated 
closed-loop step response. Nevertheless, based on the results, the current 
model is reliable enough for practical use. 

P4: Is there a noticeable difference in performance with the new set (Y) 
over the old (X), in the F1 and F2 scenarios respectively?  

The algorithm, in both scenarios F1 and F2, clearly and visibly removed 
close to the entire overshoot that was present, while retaining the settling 
time. The rise time was slightly elevated. It should be noted that the 
settling time could be considered worse with the new settings, if a process 
is considered settled within a tolerance range higher than the customary 
5% limit. Further, the definition of optimal tuning can vary depending on 
process requirements. The tuning outcome depended heavily on the 
weighting of the cost function. Applying the algorithm to further 
scenarios, or with fluctuating, independent variables in the given 
scenarios, should provide further understanding of the algorithms limits. 
This was recommended to, and subsequently planned by, the employer. 

P5: How well does the difference (in each case F1 and F2) match with 
the predicted difference by the algorithm?  

The general characteristics of the output was similar in both predicted 
(during tuning) and actual system application of the initial and tuned 
parameter sets. The resemblance was the same in both F1 and F2. There 
were oscillations present in the actual output in F2, but it is concluded 
that this was most likely due to a faulty sensor, rather than a faulty 
algorithm.  
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P6: How can the system most optimally be applied for autonomous, 
self-tuning use? 

Primarily, more research and testing are suggested to increase reliability 
and applicability. It is concluded that modelling process should be 
improved, but standardised variables for ACO, and a framework for 
setting performance weights should also be established. Long-term, the 
algorithm, with an interface, could be implemented as part of condition-
based maintenance. It could be set to run either in regular intervals or 
based on parameters from the other subsystems of the maintenance 
scheme. 

7.2 Overall aim and employer’s conclusion 
The primary aim, to develop a reliable tuning algorithm that could be 
implemented in existing hardware, is considered to have been met, or at 
least shown possible. A full conclusion regarding its reliability will 
require further testing, but the initial results are inspiring. 

As for the secondary aim, it is concluded that the algorithm could be 
applied and tested in an ethical manner, be of societal use, and be 
designed to be user friendly and accessible. A more in-depth pre-study 
on psychosocial and gender equality related topics is suggested before 
designing an interface for the algorithm. 

Jitea AB, the principal employer for this study, summarised their 
evaluation of the program (phone interview with Jitea AB Director Jan 
Wallsby, May 18, 2018; unreferenced) after having tested it, as quoted 
below: 

The algorithm is understandable and appears to tune reliably. It will 
be used in operations and put through rigorous testing. The study 
focused on overshoot reduction, different weighting will be tested 
later. Considering this was an attempt at bachelor’s level to solve a 
100-year-old problem, the results are above expectation. 
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7.3 Future work  
Two key areas were identified and suggested for future work: 

• Research alternate methodologies, or innovations to the current 
one, to reduce the error in the modelling process further. One focus 
could be on establishing process order more consistently. Another 
focus could be to introduce sensor, noise, and inherit controller 
characteristics to the model, in order to ultimately increase the 
accuracy of the predicted outcomes during tuning.  

• Investigate if it is possible to establish standard variables or tuning 
guides for the performance weighting, modelling process and 
ACO algorithm, in order to make the process more universally 
applicable. 
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Appendix A 
 Factory I/O scene 

See separately provided file. 
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Appendix B 
 Own SCL source code (in TIA project) 

See separately provided archive. 
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Appendix C 
 Own ST source code 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
//ANT COLONIZATION CONTROLLER (ACC)                                                                                              // 
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
 
//                         .,????????????  
//                     .?????????????????:                    
//                  .?????????????????????                              
//                =????????????????????????                                           
//              ???????????????????????????                      
//             ?????????????????????????????                                       
//           ???????????????????????????????                              
//         .???????????????????????????????.                 
//         .?????????????+   ?????????????                                     
//          ????????????.    .??????????                                                                           
//          .??????????    $. ,????????   .$$                                           
//           ????????.   $$$$  ??????,   $$$$$                                          
//            ??????    $$$$$$  ????   .$$$$$$$                                         
//             =??.   $$$$$$$$+ .?~   +$$$$$$$$$                                   
//                  .$$$$$$$$$$      $$$$$$$$$$$:                           
//                 $$$$$$$$$$$$$   =$$$$$$$$$$$$$                                    
//               .$$$$$$$$$$$$$$$:$$$$$$$$$$$$$$$.                           
//               $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$.                                        
//               $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$                                           
//               7$$$$$$$$$$$$$$$$$$$$$$$$$$$                                   
//                $$$$$$$$$$$$$$$$$$$$$$$$$                                      
//                 $$$$$$$$$$$$$$$$$$$$$.                                    
//                 $$$$$$$$$$$$$$$$$$                                                 
//                  $$$$$$$$$$$$$                            
//                   .7~  .                                                
 
 
 
 
// 
//Ant attempt at consolidating the most benefitinal aspects of previously researched ant                      
//colonization algorithms in order to achieve a fairly robust, self-tuning PID controller         
//without manual optimization.                                                                              
//                                                                                                  
//©2018 Carl Johan Björk (cabj1500@student.miun.se), Mid Sweden University & Jitea AB.            
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
 
 
 
 
//================================================================================================================================= 
 
//STEP 0: INITIAL INPUT (ALWAYS ACTIVE) 
 
//================================================================================================================================= 
 
multiplier_values[0] := 3; 
multiplier_values[1] := 3; 
 
//cv := cv_raw_external; 
 
//Normalizes the process value and setpoint respectively. 
pv := pv_raw / (pv_max - pv_min); 
sp := sp_raw / (pv_max - pv_min); 
 
//Finds the error. 
error[0] := sp - pv; 
 
//Finds the integral. 
error[1] := (error[1] + error[0] * 0.01); 
 
 
//Anti windup. 
IF error[1] > 1.0 THEN 
    error[1] := 1.0; 
ELSIF error[1] < -1.0 THEN 
    error[1] := -1.0; 
END_IF; 
 
//Set the PID parameters for tuning. 
k[0] := 100 / MAX(P_band, 0.001); 
 
IF Ti = 0 THEN 
 k[1] := 0; 
ELSE 
 k[1] := (100 / P_band) / Ti; 
END_IF 
 
IF Td = 0 THEN 
 k[2] := 0; 
ELSE 
 k[2] := (100 / P_band) * Td; 
END_IF; 
 
 
//Finds the derivative. 
error[2] := (error[0] - error_past); 
 
//Store the error for the next iteration. 
error_past := error[0]; 
 
IF mode < 10 OR mode >= 20 THEN 
    //Store the control value for use after tuning modes. 
    cv_past := cv; 
        //cv_raw := cv_raw_external / (cv_max - cv_min); 
END_IF; 
 
 
//================================================================================================================================= 
 
//STEP 3: PID LOGIC ANT (PLANT) CONTROLLER 
 
//================================================================================================================================= 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//LOWER CONTROL VALUE TO INITIATE STEP RESPONSE 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
//Find the most optimal spacing between iterations when to record data for evaluation of stabilization. 
//The frequency variable decides (approximately) how often to sample in milliseconds. 
IF mode = 10 THEN 
 
  
    //Set CV hard to 60% of current, or at least 0.2. 
    cv_past := cv; 
    cv_interim := cv; 
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    cv := cv / (1 + (reduction * 0.01)); 
    (* IF cv < 0.2 THEN 
        cv := 0.2; 
    END_IF; *) 
    cv_raw := cv * (cv_max - cv_min); 
    variables[13] := REAL_TO_LREAL(cv); 
     
    //Grab the set cycle time and frequency. 
    cycle_time := cycle_time_in; 
    IF cycle_time = 0 THEN 
        cycle_time := 1; 
    END_IF; 
    frequency := frequency_in; 
    IF frequency = 0 THEN 
        frequency := 1; 
    END_IF; 
     
    //Reset variables and go to next mode. 
    i := 0; 
    j := 0; 
    mode := 11; 
     
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//WAIT FOR STABILIZATION 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
//Now, let's run the whole log time, (100 recordings of requested frequency) without actually recording anything, in order to 
//make stabilisation more likely. 
IF mode = 11 AND j MOD frequency = 0 AND i <= step  -1 THEN 
    i := i + 1; 
    j := j + 1; 
ELSIF mode = 11 AND j MOD frequency <> 0 AND i <= step  -1 THEN 
    j := j + 1; 
ELSIF mode = 11 AND i = step THEN 
    i := 0; 
    j := 0; 
    mode := 12; 
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//RECORD DATA TO CHECK FOR STABILIZATION 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
//Now, let's actually record a session, and establish the lower and upper bands. First, we record the initial data point. 
IF mode = 12 AND j MOD frequency = 0 AND i <= step - 1 THEN 
    band[i] := pv; 
    i := i + 1; 
    j := j + 1; 
ELSIF mode = 12 AND j + 10 MOD frequency <> 0 AND i <= step - 1 THEN 
    j := j + 1; 
ELSIF mode = 12 AND i = step THEN 
    i := 0; 
    j := 0; 
    mode := 13; 
END_IF; 
    
//Now compare IF high band mean fits in low min max AND vice versa 
IF mode = 13 THEN 
     
    (* 
        - 0 is sum 
        - 1 is mean 
        - 2 is max 
        - 3 is min  
        - 4 is mean 
    *) 
     
    //Reset band sum, mean, max, min 
    FOR j := 0 TO 4 DO 
        band_low[j] := 0; 
        band_high[j] := 0; 
    END_FOR; 
    j := 0; 
    //Setting high to allow to find lower values, this is min 
    band_low[3] := 1; 
    band_high[3] := 1; 
     
    step_small := LREAL_TO_INT(step * 0.1 - 1); 
     
    FOR j := 0 TO step_small BY 1 DO 
        //sums 
        band_low[0] := band_low[0] + band[j]; 
        band_high[0] := band_high[0] + band[j + REAL_TO_INT(step*0.9)]; 
        //extremes 
        band_low[2] := MAX(band[j], band_low[2]); 
        band_low[3] := MIN(band[j], band_low[3]); 
        band_high[2] := MAX(band[j + REAL_TO_INT(step*0.9)], band_high[2]); 
        band_high[3] := MIN(band[j + REAL_TO_INT(step*0.9)], band_high[3]); 
    END_FOR; 
    j := 0; 
     
    //means 
    band_low[1] := band_low[0] / 40; 
    band_high[1] := band_high[0] / 40; 
     
    IF band_low[1] <= band_high[2] * (1 + (noise_tolerance/100)) AND band_low[1] >= band_high[3] * ( 1 -(noise_tolerance/100)) AND band_high[1] <= band_low[2] * 
(1 + (noise_tolerance/100)) AND band_high[1] >= band_low[3] * (1 - (noise_tolerance/100)) THEN 
        //Now we've found a stable mode, let's establish what the noise level was. 
        //Noise is considered to be the range between the highest and lowest recorded noises in the evaluated bands 
        band_low[4] := 1; 
        band_high[4] := 0; 
        FOR j := 0 TO step - 1 DO 
            band_low[4] := MIN(band[j], band_low[4]); 
            band_high[4] := MAX(band[j], band_high[4]); 
        END_FOR; 
        noise := band_high[4] - band_low[4]; 
        i := 0; 
        j := 0; 
        mode := 13; 
    ELSE 
        //If the data does not match, the system has not stabilised yet. Run a new recording session. 
        i := 0; 
        j := 0; 
        mode := 11; 
    END_IF; 
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//RAISE CONTROL VALUE TO BEGIN STEP 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
//Now, let's raise the control value (CV) to induce a step response. 
IF mode = 13 THEN 
    //Taking 80% of a limiting sigmoid function, the CV can be set to exponentially grow with the PV, up to a maximum of 0.8 + 
    //noise. This theoretically (assuming the original pv was no too high for stable analysis later) for a noise band of 0.2. 
    cv := cv_interim; 
    cv_raw := cv * (cv_max - cv_min); 
    i := 0; 
    j := 0; 
    variables[14] := REAL_TO_LREAL(cv); 
    mode := 14; 
END_IF; 
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//--------------------------------------------------------------------------------------------------------------------------------- 
//RECORD DATA DURING STEP RESPONSE 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
//Time to record data again. For the sake of simplicity, we will use the same time frame we used for stabilization. This can of 
//course be tweaked in future revisions. We have no more use for the old band data, so we can use the same array (and procedure) 
//as earlier. 
IF mode = 14 AND j MOD frequency = 0 AND i <= step - 1 THEN 
    band[i] := pv; 
    i := i + 1; 
    j := j + 1; 
ELSIF mode = 14 AND j MOD frequency <> 0 AND i <= step - 1 THEN 
    j := j + 1; 
ELSIF mode = 14 AND i = step THEN 
    i := 0; 
    j := 0; 
    mode := 15; 
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//EVALUATE STEP RESPONSE 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
IF mode = 15 THEN 
     
    //Find the dead time (time until PV goes above 0.5 noise) and ignore everything before this from data.     
    variables[0] := step; 
    WHILE variables[0] = step DO 
        //If recordings above noise appear, it means dead time has passed. Index value is saved for reference. 
        IF band[j] > ((band_low[1] + band_high[1]) / 2) + (noise / 2) THEN 
            variables[0] := j; 
        ELSE 
            j := j + 1; 
            //If no value is found, it most likely means noise was not found. 
            IF j = step THEN 
                variables[0] := 0; 
            END_IF; 
        END_IF; 
    END_WHILE; 
    j := LREAL_TO_INT(variables[0]); 
     
    //Next, find the peak (-initial rest and -noise/2 ) in the array after this value. 
    variables[1] := 0; 
    FOR i := j TO step - 1 BY 1 DO 
        variables[1] := MAX(REAL_TO_LREAL(band[i]), variables[1]); 
    END_FOR; 
    variables[1] := variables[1] - ((band_low[1] + band_high[1]) / 2) - (noise / 2); 
    variables[2] := variables[1] / 3; 
    variables[3] := variables[1] * 2 / 3; 
    variables[10] := variables[1] * 0.63; 
    i := 0; 
     
    //Find the FIRST two values which 1/3k (+ initial rest) fits inside, AFTER the dead time. 
    j := LREAL_TO_INT(variables[0]) + 1; 
    variables[4] := step; 
    WHILE variables[4] = step DO 
        IF variables[2] + ((band_low[1] + band_high[1]) / 2) >= band[j] AND variables[2] + ((band_low[1] + band_high[1]) / 2) <= band[j + 1] THEN 
            variables[4] := j; 
        ELSIF variables[2] + ((band_low[1] + band_high[1]) / 2) >= band[j + 1] AND variables[2] + ((band_low[1] + band_high[1]) / 2) <= band[j] THEN 
            variables[4] := j; 
        ELSE 
            j := j + 1; 
        END_IF; 
        IF j = step THEN 
            variables[4] := 0; 
        END_IF; 
    END_WHILE; 
     
    //Find the LAST two values which 2/3k (+ initial rest) fits inside, AFTER 1/3k. 
    //start searching at the end 
    j := step - 1; 
    variables[5] := step; 
    WHILE variables[5] = step DO 
        IF variables[3] + ((band_low[1] + band_high[1]) / 2) >= band[j - 1] AND variables[3] + ((band_low[1] + band_high[1]) / 2) <= band[j] THEN 
            variables[5] := j; 
        ELSIF variables[3] + ((band_low[1] + band_high[1]) / 2) >= band[j] AND variables[3] + ((band_low[1] + band_high[1]) / 2) <= band[j - 1] THEN 
            variables[5] := j; 
        ELSE 
            j := j - 1; 
        END_IF; 
        IF j = LREAL_TO_INT(variables[4]) + 1 THEN 
            variables[5] := (variables[4]) + 1; 
        END_IF; 
    END_WHILE; 
     
    //Now find the FIRST (counting down) value preceding 2/3k that fits into 1/3k. 
    j := LREAL_TO_INT(variables[5]) - 1; 
    variables[6] := step; 
    WHILE variables[6] = step DO 
        IF variables[2] + ((band_low[1] + band_high[1]) / 2) >= band[j - 1] AND variables[2] + ((band_low[1] + band_high[1]) / 2) <= band[j] THEN 
            variables[6] := j; 
        ELSIF variables[2] + ((band_low[1] + band_high[1]) / 2) >= band[j] AND variables[2] + ((band_low[1] + band_high[1]) / 2) <= band[j - 1] THEN 
            variables[6] := j; 
        ELSE 
            j := j - 1; 
        END_IF; 
        //If we reach the initially found value, we stop looking and conclude that there is only one match. 
        IF j = LREAL_TO_INT(variables[4]) OR j = 0 THEN 
            variables[6] := variables[4]; 
        END_IF; 
    END_WHILE; 
     
    //Logically, the time for 1/3k should be the average of whatever values were found. 
    variables[4] := (variables[4] + variables[6]) / 2; 
     
    //Then, let's search from the last 1/3k value up to the previously found 2/3k value to see if that also has a range. 
    j := LREAL_TO_INT(variables[6]); 
    variables[6] := step; 
    WHILE variables[6] = step DO 
        IF variables[3] + ((band_low[1] + band_high[1]) / 2) >= band[j] AND variables[3] + ((band_low[1] + band_high[1]) / 2) <= band[j + 1] THEN 
            variables[6] := j; 
        ELSIF variables[3] + ((band_low[1] + band_high[1]) / 2) >= band[j + 1] AND variables[3] + ((band_low[1] + band_high[1]) / 2) <= band[j] THEN 
            variables[6] := j; 
        ELSE 
            j := j + 1; 
        END_IF; 
        IF j = LREAL_TO_INT(variables[5]) OR j =  step THEN 
            variables[6] := variables[5]; 
        END_IF; 
    END_WHILE; 
     
    //For first order systems, the time constant would be at the position where 63% of the peak time (k) has been reached. Let's 
    //find the first value that meets these criteria. 
    j := LREAL_TO_INT(variables[0]) + 1; 
    variables[11] := step; 
    WHILE variables[11] = step DO 
        IF variables[10] + ((band_low[1] + band_high[1]) / 2) >= band[j] AND variables[10] + ((band_low[1] + band_high[1]) / 2) <= band[j + 1] THEN 
            variables[11] := j; 
        ELSIF variables[10] + ((band_low[1] + band_high[1]) / 2) >= band[j + 1] AND variables[10] + ((band_low[1] + band_high[1]) / 2) <= band[j] THEN 
            variables[11] := j; 
        ELSE 
            j := j + 1; 
        END_IF; 
        IF j = step THEN 
            variables[11] := 0; 
        END_IF; 
    END_WHILE; 
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    //Find the LAST two values which 2/3k (+ initial rest) fits inside, AFTER 1/3k. 
    //start searching at the end 
    j := step - 1; 
    variables[12] := step; 
    WHILE variables[12] = step DO 
        IF variables[10] + ((band_low[1] + band_high[1]) / 2) >= band[j - 1] AND variables[10] + ((band_low[1] + band_high[1]) / 2) <= band[j] THEN 
            variables[12] := j; 
        ELSIF variables[10] + ((band_low[1] + band_high[1]) / 2) >= band[j] AND variables[10] + ((band_low[1] + band_high[1]) / 2) <= band[j - 1] THEN 
            variables[12] := j; 
        ELSE 
            j := j - 1; 
        END_IF; 
        IF j = LREAL_TO_INT(variables[11]) + 1 OR j = 0 THEN 
            variables[12] := (variables[11]) + 1; 
        END_IF; 
    END_WHILE; 
     
    //Logically, the time for 2/3k should be the average of whatever values were found. 
    variables[5] := (variables[5] + variables[6]) / 2; 
    //Same for 63% T 
    variables[11] := (variables[11] + variables[12]) / 2; 
     
    //Deduct dead time from indexes above. 
    variables[4] := variables[4] - variables[0]; 
    variables[5] := variables[5] - variables[0]; 
    variables[11] := variables[11] - variables[0]; 
     
    //Convert gain to 0-10 scale and perform quota with CV height delta. 
    variables[1] := (variables[1] / (variables[14] - variables[13])); 
     
    IF variables[6] <= 2.71 THEN 
        //Rerun if model cannot be found. 
        i := 0; 
        j := 0; 
        mode := 10; 
    END_IF; 
     
    //Go to the next mode 
    i := 0; 
    j := 0; 
    mode := 16; 
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//DETERMINE TRANSFER FUNCTION ORDER AND CONSTANTS 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
IF mode = 16 THEN 
     
    t := t + 1; 
     
    IF t < 2 THEN 
        //Then, save the mean variables from the tuning processes. 
        transfer_K := variables[1]; 
        transfer_L := variables[0]; 
         
        //Save the mean intermittent time constants. 
        transfer_T13 := variables[4]; 
        transfer_T23 := variables[5]; 
        transfer_T63 := variables[11]; 
        mode := 10; 
         
    ELSE 
        //Reset transfer order solution. 
        transfer_order := 0; 
         
        //Then, save the mean variables from the tuning processes. 
        transfer_K := (transfer_K + variables[1]) / 2; 
        transfer_L := ((transfer_L + variables[0]) / 2) * ((cycle_time / 1000000) * frequency); 
         
        //Save the mean intermittent time constants. 
        transfer_T13 := (transfer_T13 + variables[4]) / 2; 
        transfer_T23 := (transfer_T23 + variables[5]) / 2; 
        transfer_T63 := (transfer_T63 + variables[11]) / 2; 
         
        //Determine if this will be a second or third order transfer function.  
        //Calculate Q, which is 2/3k divided by 1/3k. 
        transfer_Q :=  (transfer_T23 / transfer_T13); 
         
        //Find the time constants based on system order. 
        //Calculate 'a' followed by 'P'. 
        IF transfer_Q >= 1.92 AND transfer_Q <= 2.71 THEN 
            //Second order 
            variables[7] := 
            11827.95994684681 * (EXPT(transfer_Q, 8)) 
            - 219042.1439139437 * (EXPT(transfer_Q, 7)) 
            + 1771744.505582956 * (EXPT(transfer_Q, 6)) 
            - 8175497.117992033 * (EXPT(transfer_Q, 5)) 
            + 23538872.00895969 * (EXPT(transfer_Q, 4)) 
            - 43302867.58666146 * (EXPT(transfer_Q, 3)) 
            + 49706013.53658778 * (EXPT(transfer_Q, 2)) 
            - 32549675.08416676 * transfer_Q 
            + 9309981.051135987; 
            variables[8] := 
            - 0.635326891647989 * (EXPT(transfer_Q, 6)) 
            + 8.067917090461147 * (EXPT(transfer_Q, 5)) 
            - 41.527302292947830 * (EXPT(transfer_Q, 4)) 
            + 109.6029637522088 * (EXPT(transfer_Q, 3)) 
            - 153.0422989092332 * (EXPT(transfer_Q, 2)) 
            + 102.1133037241141 * transfer_Q 
            - 20.834566620066877; 
             
            //Find final a 
            transfer_a := variables[7]; 
                IF transfer_a  > 1 THEN transfer_a := 1; END_IF; 
            //Find final p 
            transfer_P := variables[8]; 
             
            //Find the time constant. 
            transfer_T := (transfer_T23 / (transfer_P * (1 + transfer_a))) * ((cycle_time / 1000000) * frequency); 
            transfer_order := 2; 
             
        ELSIF transfer_Q >= 1.68 AND transfer_Q < 1.92 THEN 
            //Third order 
            variables[7] := 
            33.019773561654326 * (EXPT(transfer_Q,6)) 
            - 446.0137683486032 * (EXPT(transfer_Q, 5)) 
            + 2500.609329520803 * (EXPT(transfer_Q, 4)) 
            - 7448.858022535480 * (EXPT(transfer_Q, 3)) 
            + 12434.82796487774 * (EXPT(transfer_Q, 2)) 
            - 11031.92023937684 * transfer_Q 
            + 4065.095798387212; 
            variables[8] := 
            1.390906822416457 * (EXPT(transfer_Q, 6)) 
            - 18.789298794778280 * (EXPT(transfer_Q, 5)) 
            + 105.3521684121111 * (EXPT(transfer_Q, 4)) 
            - 313.8716335603404 * (EXPT(transfer_Q, 3)) 
            + 524.1642190974858 * (EXPT(transfer_Q, 2)) 
            - 465.4331302657379 * transfer_Q 
            + 172.8911558498382; 
             
            //Find final a 
            transfer_a := variables[7]; 
                IF transfer_a  > 1 THEN transfer_a := 1; END_IF; 
            //Find final p 
            transfer_P := variables[8]; 
             
            //Find the time constant. 
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            transfer_T := (transfer_T23 / (transfer_P * (1 + transfer_a + (EXPT(transfer_a, 2))))) * ((cycle_time / 1000000) * frequency); 
            transfer_order := 3; 
             
        ELSE 
            //First order assumed. 
            transfer_a := 0; 
            transfer_P := 0; 
            transfer_T := transfer_T63 * ((cycle_time / 1000000) * frequency); 
            transfer_order := 1; 
             
        END_IF; 
         
        //Go to next mode and set it to its initial running conditions. 
        cv := cv_past; 
        t := 0; 
        multiplier := multiplier_values[0]; 
        k_opt[0] := k[0]; 
        k_opt[1] := k[1]; 
        k_opt[2] := k[2]; 
        //Needed to ensure different dice rolls with each iteration. 
        dice_parameter := 0; 
        dice_selection := 0; 
        mode := 20; 
         
    END_IF; 
     
     
    //If unique values are not found, re-run the test. 
    IF transfer_T63 = transfer_T23 OR transfer_T63 = transfer_T13 THEN 
        t := 0; 
        mode := 10; 
    END_IF; 
     
END_IF; 
 
 
 
 
//================================================================================================================================= 
 
//STEP 3: PID LOGIC ANT (PLANT) CONTROLLER 
 
//================================================================================================================================= 
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//--------------------------------------------------------------------------------------------------------------------------------- 
//INITIALIZE SOLUTION MATRIX 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
 
//Initialize a set of uniformly distributed potential solutions, based on the initial PID parameters. 
IF mode = 20 AND dice_parameter <= 300 THEN 
     
    //Calculate a random number between 0.0 and 1.0, EXCLUDING the extremes. 
    plant_a := DINT_TO_DWORD(36969 * DWORD_TO_DINT(seed_a AND 16#FFFF) + DWORD_TO_DINT(SHR(seed_a, 16))); 
    plant_b := DINT_TO_DWORD(18000 * DWORD_TO_DINT(seed_b AND 16#FFFF) + DWORD_TO_DINT(SHR(seed_b, 16))); 
    u := DWORD_TO_DINT(SHL(plant_a, 16)) + DWORD_TO_DINT(plant_b); 
     
    //Write the initial values Kp value, to ensure it is part of the array. 
    IF dice_parameter = 0 THEN 
        parameters[0, 0] := k_opt[0]; 
         
    //Potential Kp values. 
    ELSIF dice_parameter >= 1 AND dice_parameter < 100 THEN 
        //Write a potential value based on the random number. The range is from -1 to 1 higher power of 10 of the initial value. 
        parameters[0, dice_parameter] := ((DINT_TO_REAL(u + 1) * 2.328306435454494E-10 + 0.5) * k_opt[0]) + (k_opt[0] / multiplier); 
         
    //Write the initial values Kp value, to ensure it is part of the array. 
    ELSIF dice_parameter = 100 THEN 
        parameters[1, 0] := k_opt[1]; 
         
    //Potential Ki values. 
    ELSIF dice_parameter >= 101 AND dice_parameter < 200 THEN 
        //Write a potential value based on the random number. The range is from 0 to 1 higher power of 10 of the initial value. 
        parameters[1, dice_parameter-100] := ((DINT_TO_REAL(u + 1) * 2.328306435454494E-10 + 0.5) * k_opt[1]) + (k_opt[1] / multiplier); 
         
    //Write the initial values Kp value, to ensure it is part of the array. 
    ELSIF dice_parameter = 200 THEN 
        parameters[2, 0] := k_opt[2]; 
             
    //Potential Kd values. 
    ELSIF dice_parameter >= 201 AND dice_parameter < 300 THEN 
        //Write a potential value based on the random number. The range is from 0 to 1 higher power of 10 of the initial value. 
        parameters[2, dice_parameter-200] := ((DINT_TO_REAL(u + 1) * 2.328306435454494E-10 + 0.5) * k_opt[2]) + (k_opt[2] / multiplier); 
         
    //Go to next mode or reset this one. 
    ELSIF dice_parameter = 300 THEN 
        dice_parameter := 0; 
        i := 0; 
        j := 0; 
        mode := 21; 
    ELSE 
        dice_parameter := 0; 
        i := 0; 
        mode := 20; 
         
    END_IF; 
     
    dice_parameter := dice_parameter + 1; 
 
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//INITIALIZE PARAMETERS, HERUTISTIC VALUES AND PHEROMONE TRAIL 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
IF mode = 21 THEN 
     
    //Set the variables utilized by the system. 
    //transfer_order := transfer_order_in; 
    alpha := 0.5; 
    beta := 0.5; 
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    rho := 0.5; 
    lambda := 1000; 
    theta := 90; 
    trace := 0.5; 
    ants := 5; 
    feedback := 99; 
    i := 0; 
    FOR i := 0 TO 99 DO 
        F_final[i] := 0; 
    END_FOR; 
     
    //Set the initial tao value for pheromone and distribute it to the matrix of paths. 
    tao_initial := 1; 
    i := 0; 
    FOR i := 0 TO 99 DO 
        pheromone[0, i] := tao_initial; 
        pheromone[1, i] := tao_initial; 
        pheromone[2, i] := tao_initial; 
    END_FOR; 
     
    //Set the initial for heuristic functions and distribute it to the matrix of paths. 
    i := 0; 
    FOR i := 0 TO 99 DO 
        heuristic[0, i] := trace; 
        heuristic[1, i] := trace; 
        heuristic[2, i] := trace; 
    END_FOR; 
     
    //Set the initial for heuristic variance, used later to determine pheromone output. 
    i := 0; 
    FOR i := 0 TO 99 DO 
        heuristic_count[0, i] := 1; 
        heuristic_count[1, i] := 1; 
        heuristic_count[2, i] := 1; 
    END_FOR; 
     
    //Reset counters and go to next mode. 
    i := 0; 
    j := 0; 
    mode := 215; 
     
END_IF; 
 
IF mode = 215 THEN 
     
    //Start a new cycle. 
    m := 0; 
     
    //Reset counters and go to next mode. 
    i := 0; 
    j := 0; 
    mode := 22; 
     
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//PROBABILITY VALUE CALCULATION 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
IF mode = 22 THEN 
     
    (* 
        Probability logic: 
        - Each path will have a pheromone value and a heuristic value at any given time. 
        - If pheromones or heuristic value drops to 0 or below, they should be set to 1. 
        - The heuristic value comes from the total average value of the cost functions calculated including each respective node. 
          This is because a value may be part of a low-cost function even if it is bad, if the other two are good. It would then make 
          sense that "truly good" values only appear in low cost functions, and "partly good" in low and high costs. So, for two paths  
          with equal pheromone amounts, the one with the lower average cost function should be prioritized.  
        - The total value of all pheromones should be scaled to 0-100. 
        - The pheromone value of each node is multiplied by this factor. Thus, the grand total of all pheromones will be 100 at any time. 
        - Each paths value will represent how much "space" in the range 0-100 in accounts for. The larger the space, the greater the 
          probability that the path will be chosen. 
        - For the first value in the array, the range will be 0 + own value. 0 is included in its range. 
        - For following values in the array, the range will be previous + own range. Previous is not included in its range. 
    *) 
     
    //Reset all values prior to probability calculation. 
    i := 0; 
    j := 0; 
    trail := 0; 
     
    //Probability calculations for all 3 bands. 
    FOR i := 0 TO 2 BY 1 DO 
         
        //Calculate the probability value of each node 0 - 99 and add it to the total sum. 
        j := 0; 
        trail := 0; 
        FOR j := 0 TO 99 BY 1 DO 
            //Find the value for one node. 
            path[i, j] := (EXPT(pheromone[i, j], alpha))  * (EXPT(heuristic[i, j], beta)); 
            //Add this value to the summary value. 
            trail := trail + path[i, j]; 
        END_FOR; 
         
        //Update the values to be divided by the sum of values. 
        IF trail = 0 THEN 
            trail := 1; 
        END_IF; 
        j := 0; 
        FOR j := 0 TO 99 BY 1 DO 
            path[i, j] := LREAL_TO_REAL(path[i, j] / trail); 
        END_FOR; 
         
        //Find the new sum of these values. 
        j := 0; 
        trail := 0; 
        FOR j := 0 TO 99 BY 1 DO 
            trail := trail + path[i, j]; 
        END_FOR; 
         
        //Normalize all values to a 0 - 100 scale. 
        IF trail = 0 THEN 
            trail := 1; 
        END_IF; 
        j := 0; 
        FOR j := 0 TO 99 BY 1 DO 
            path[i, j] := (path[i, j] * 100) / trail; 
        END_FOR; 
         
        //Convert each value (following the initial) into a range that starts where the one before left off. 
        j := 1; 
        FOR j := 1 TO 99 BY 1 DO 
            path[i, j] := path[i, j - 1] + path[i, j]; 
        END_FOR; 
         
    END_FOR; 
     
    //Reset counters and go to next mode.    
    i := 0; 
    j := 0; 
    mode := 23; 
     
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//PROBABILITY CHOICE CALCULATION 
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//--------------------------------------------------------------------------------------------------------------------------------- 
     
IF mode = 23 AND dice_selection  <= 2 THEN 
 
    //Roll three dice, each deciding which path to take for the respective values, according to the logic outlined above. 
    //Calculate a random number between 0.0 AND 1.0, EXCLUDING the extremes. Number will be in the 0 - 100 range. 
    plant_a := DINT_TO_DWORD(36969 * DWORD_TO_DINT(seed_a AND 16#FFFF) + DWORD_TO_DINT(SHR(seed_a, 16))); 
    plant_b := DINT_TO_DWORD(18000 * DWORD_TO_DINT(seed_b AND 16#FFFF) + DWORD_TO_DINT(SHR(seed_b, 16))); 
    u := DWORD_TO_DINT(SHL(plant_a, N := 16)) + DWORD_TO_DINT(plant_b); 
    random_food[dice_selection] := (DINT_TO_REAL(u + 1) * 2.328306435454494E-10 + 0.5) * 100; 
     
    //Ensure three unique rolls. 
    IF dice_selection = 0 THEN 
        dice_selection := dice_selection + 1; 
    ELSIF dice_selection = 1 AND random_food[0] <> random_food[1] THEN 
        dice_selection := dice_selection + 1; 
    ELSIF dice_selection = 2 AND random_food[1] <> random_food[2] THEN 
        dice_selection := dice_selection + 1; 
    END_IF; 
         
ELSIF mode = 23 AND dice_selection  = 3 THEN 
     
    i := 0; 
    FOR i := 0 TO 2 BY 1 DO 
        j := 0; 
        FOR j := 0 TO 99 BY 1 DO 
                 
            //If this is the first index to check, the total number should be 0 + current value, and 0 included in range. 
            IF j = 0 AND random_food[i] >= 0 AND random_food[i] <= path[i, 1] THEN 
                k_sim[i] := parameters[i, j]; 
                local[m, i] := DINT_TO_INT(j); 
            //If it is not the first check, the total number should be previous + current value, and the previous not included in range. 
            ELSIF j > 0 AND j <= 99 THEN 
                n := DINT_TO_INT(j) - 1; 
                IF random_food[i] > path[i, n] AND random_food[i] <= path[i, j] THEN 
                    k_sim[i] := parameters[i, j]; 
                    local[m, i] := DINT_TO_INT(j); 
                END_IF; 
            END_IF; 
                 
        END_FOR; 
    END_FOR; 
     
    j := 0; 
    dice_selection := 4; 
 
ELSIF mode = 23 AND dice_selection = 4 THEN 
     
    //Reset counters and go to next mode.    
    dice_selection := 0; 
    i := 0; 
    j := 0; 
    mode := 24; 
             
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//RUN SP STEP RESPONSE SIMULATION FOR CURRENT PATH 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
//FIRST ORDER SYSTEM ANALYSIS 
IF mode = 24 AND transfer_order = 1 THEN 
     
    //Resulting matrices. 
    A := -1 / LREAL_TO_REAL(transfer_T); 
    B := 1; 
    C := LREAL_TO_REAL(transfer_K) / LREAL_TO_REAL(transfer_T); 
    D := 0; 
     
    //Set size of simulation. 
    hertz := INT_TO_REAL(length) / 10000.0; 
  
    //Get the dead time and convert it for use in the algorithm below. 
    Lc := LREAL_TO_INT(transfer_L / hertz); 
    IF Lc = 0 THEN 
        Lc := 1; 
    END_IF; 
     
    //Reset before running. 
    output := 0; 
    e1 := 0; 
    e2 := 0; 
    e3 := 0; 
    n := 0; 
    i := 0; 
    x := 0; 
    x_dot := 0; 
    y := 0; 
    FOR i := 0 TO 9999 BY 1 DO 
        // Clear array 
        out[i] := 0; 
    END_FOR; 
    i := 0; 
    FOR i := 0 TO 9999 BY 1 DO 
        // Clear array 
        original[i] := 0; 
    END_FOR; 
     
    //Set a ref step size. 
    ref = 1; 
 
    //Initial delay due to dead time. 
    i := 0; 
    FOR n := 0 TO Lc DO 
        out[n] := 0; 
        ; 
    END_FOR; 
    n := 0; 
 
    //Numerical integration for discrete-time output. 
    FOR i := 0 TO 9999 BY 1 DO 
        IF n <> 10000 - Lc THEN 
             
            original[n] := ref; 
            x_dot := A * x + B * output; 
            y := C * x; 
            e1 := ref - out[n]; 
             
            out[n + Lc] := LREAL_TO_REAL(y); 
             
            //This is the Taylor expansion. 
            x := x + x_dot * 0.001; 
             
            //This is the PID controller read and output change, when reading. 
            IF i = 1 OR  i MOD REAL_TO_INT((regulate / hertz)) = 0 THEN 
                output := output + k_sim[0] * (e1 - e2) + k_sim[1] * e1 + k_sim[2] * (e1 - 2 * e2 + e3); 
            END_IF; 
    
            //Store errors, then go to next iteration or break. 
            e3 := e2; 
            e2 := e1; 
            n := n + 1; 
             
        END_IF; 
    END_FOR; 
     
    FOR n := (9999 - Lc) TO 9999 BY 1 DO 
        original[n] := 1; 
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    END_FOR; 
     
    //Done, go to next mode. 
    i := 0; 
    n := 0; 
    mode := 25; 
     
//SECOND ORDER SYSTEM ANALYSIS 
ELSIF mode = 24 AND transfer_order = 2 THEN 
     
    //Resulting matrices. 
    A2[0, 0] := 0; 
    A2[0, 1] := 1; 
    A2[1, 0] := -1 / (LREAL_TO_REAL(transfer_a) * (EXPT(LREAL_TO_REAL(transfer_T), 2))); 
    A2[1, 1] := -1 * (LREAL_TO_REAL(transfer_a) + 1) / (LREAL_TO_REAL(transfer_a) * LREAL_TO_REAL(transfer_a)); 
    B2[0, 0] := 0; 
    B2[0, 1] := 0; 
    B2[1, 0] := LREAL_TO_REAL(transfer_K) / (LREAL_TO_REAL(transfer_a) * (EXPT(LREAL_TO_REAL(transfer_T), 2))); 
    B2[1, 1] := 0; 
    C2[0] := 1; 
    C2[1] := 0; 
    D := 0; 
     
    //Set size of simulation. 
    hertz := INT_TO_REAL(length) / 10000.0; 
  
    //Get the dead time and convert it for use in the algorithm below. 
    Lc := LREAL_TO_INT(transfer_L / hertz); 
    IF Lc = 0 THEN 
        Lc := 1; 
    END_IF; 
     
    //Reset before running. 
    output := 0; 
    e1 := 0; 
    e2 := 0; 
    e3 := 0; 
    n := 0; 
    i := 0; 
    x := 0; 
    x_dot := 0; 
    x2 := 0; 
    x_dot2 := 0; 
    y := 0; 
  
    FOR i := 0 TO 9999 BY 1 DO 
        // Clear array 
        out[i] := 0; 
    END_FOR; 
    i := 0; 
    FOR i := 0 TO 9999 BY 1 DO 
        // Clear array 
        original[i] := 0; 
    END_FOR; 
     
    //Set a ref step size. 
    ref = 1; 
 
    //Initial delay due to dead time. 
    i := 0; 
    FOR n := 0 TO Lc DO 
        out[n] := 0; 
        ; 
    END_FOR; 
    n := 0; 
  
    //Numerical integration for discrete-time output. 
    FOR i := 0 TO 9999 BY 1 DO 
        IF n <> 10000 - Lc THEN 
             
            original[n] := ref; 
            x_dot := A2[0, 1] * x2; 
            x_dot2 := A2[1, 0] * x + A2[1, 1] * x2 + B2[1, 0] * output; 
            y := C2[0] * x; 
            e1 := ref - out[n]; 
             
            out[n + Lc] := LREAL_TO_REAL(y); 
             
            //This is the Taylor expansion. 
            x := x + x_dot * hertz + x2 * ((EXPT(hertz, 2)) / 2); 
            x2 := x2 + x_dot2 * hertz; 
             
            //This is the PID controller read and output change, when reading.             
            IF i MOD REAL_TO_INT((regulate / hertz)) = 0 THEN 
                output := output + k_sim[0] * (e1 - e2) + k_sim[1] * e1 + k_sim[2] * (e1 - 2 * e2 + e3); 
            END_IF; 
    
            //Store errors, then go to next iteration or break. 
            e3 := e2; 
            e2 := e1; 
            n := n + 1; 
             
        END_IF; 
    END_FOR; 
     
    FOR n := (9999 - Lc) TO 9999 BY 1 DO 
        original[n] := 1; 
    END_FOR; 
     
    //Done, go to next mode. 
    i := 0; 
    n := 0; 
    mode := 25; 
 
//THIRD ORDER SYSTEM ANALYSIS 
ELSIF mode = 24 AND transfer_order = 3 THEN 
 
 //Set size of simulation. 
 hertz := INT_TO_REAL(length) / 10000.0; 
  
    //Convert dead time for use in algorithm. 
    Lc := LREAL_TO_INT(transfer_L / hertz); 
    IF Lc = 0 THEN 
        Lc := 1; 
    END_IF; 
     
    //Resulting matrices. 
    A3[0, 0] := 0; 
    A3[0, 1] := 1; 
    A3[0, 2] := 0; 
     
    A3[1, 0] := 0; 
    A3[1, 1] := 0; 
    A3[1, 2] := 1; 
     
    A3[2, 0] := -1 / ((EXPT(LREAL_TO_REAL(transfer_a), 3)) * (EXPT(LREAL_TO_REAL(transfer_T), 3))); 
    A3[2, 1] := -1 * ((EXPT(LREAL_TO_REAL(transfer_a), 2)) + LREAL_TO_REAL(transfer_a) + 1) / ((EXPT(LREAL_TO_REAL(transfer_a), 3)) * 
(EXPT(LREAL_TO_REAL(transfer_T), 2))); 
    A3[2, 2] := -1 * ((EXPT(LREAL_TO_REAL(transfer_a), 2)) + LREAL_TO_REAL(transfer_a) + 1) / ((EXPT(LREAL_TO_REAL(transfer_a), 2)) * 
LREAL_TO_REAL(transfer_T)); 
     
    B3[0] := 0; 
    B3[1] := 0; 
    B3[2] := LREAL_TO_REAL(transfer_K) / ((EXPT(LREAL_TO_REAL(transfer_a), 3)) * (EXPT(LREAL_TO_REAL(transfer_T), 3))); 
     
    C3[0] := 1; 
    C3[1] := 0; 
    C3[2] := 0; 
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    D := 0; 
     
    //Reset before running. 
    output := 0; 
    e1 := 0; 
    e2 := 0; 
    e3 := 0; 
    n := 0; 
    i := 0; 
    x := 0; 
    x_dot := 0; 
    x2 := 0; 
    x_dot2 := 0; 
    x3 := 0; 
    x_dot3 := 0; 
    y := 0; 
  
    FOR i := 0 TO 9999 BY 1 DO 
        // Clear array 
        out[i] := 0; 
    END_FOR; 
    i := 0; 
    FOR i := 0 TO 9999 BY 1 DO 
        // Clear array 
        original[i] := 0; 
    END_FOR; 
     
    //Set a ref step size. 
    ref = 1; 
 
    //Initial delay due to dead time. 
    i := 0; 
    FOR n := 0 TO Lc DO 
        out[n] := 0; 
        ; 
    END_FOR; 
    n := 0; 
     
    //Numerical integration for discrete-time output.  
    FOR i := 0 TO 9999 BY 1 DO 
        IF n <> 10000 - Lc THEN 
             
            original[n] := ref; 
             
            x_dot := A3[0, 1] * x2; 
            x_dot2 := A3[1, 2] * x3; 
            x_dot3 := A3[2, 0] * x + A3[2, 1] * x2 + A3[2, 2] * x3 + B3[2] * output; 
             
            y := C3[0] * x; 
            e1 := ref - out[n]; 
            out[n + Lc] := LREAL_TO_REAL(y); 
             
            //This is the Taylor expansion. 
            x := x + x_dot * hertz + x2 * ((EXPT(hertz, 2)) / 2) + + x3 * ((EXPT(hertz, 3)) / 6); 
            x2 := x2 + x_dot2 * hertz + x3 * ((EXPT(hertz, 2)) / 2); 
            x3 := x3 + x_dot3 * hertz; 
             
            IF i MOD REAL_TO_INT((regulate / hertz)) = 0 THEN 
                output := output + k_sim[0] * (e1 - e2) + k_sim[1] * e1 + k_sim[2] * (e1 - 2 * e2 + e3); 
            END_IF; 
    
            //Store errors, then go to next iteration or break. 
            e3 := e2; 
            e2 := e1; 
            n := n + 1; 
             
        END_IF; 
    END_FOR; 
     
    FOR n := (9999 - Lc) TO 9999 BY 1 DO 
        original[n] := 1; 
    END_FOR; 
     
    //Done, go to next mode. 
    i := 0; 
    n := 0; 
    mode := 25; 
     
//If no system has been identified, run the transfer system identifier. 
ELSIF mode = 24 AND transfer_order = 0 THEN 
    i := 0; 
    n := 0; 
    mode := 10; 
     
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//PERFORMANCE ANALYSIS, FIND COST FUNCTION 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
IF mode = 25 THEN 
     
    //OVERSHOOT 
    i := 0; 
    r_overshoot := 0; 
    WHILE i < 9999 AND r_overshoot = 0 DO 
        //Look for the first peak, above the setpoint, that is followed by a lower value. 
        IF out[i] > 1 AND out[i + 1] < out[i] THEN 
            r_overshoot := (out[i] - 1) * 100; 
        END_IF; 
        i := i + 1; 
    END_WHILE; 
     
    //SETTLING TIME (assume > 0) 
    i := 0; 
    r_settling := 0; 
     
    FOR i := 0 TO 9999 DO 
        //Find the last value in the index that is outside 2% of the settling point, 1. 
        //Note that if settling time becomes 9999, the system is deemed unstable and the settings unacceptable. 
        IF out[i] > (1 + 0.02) OR out[i] < (1 - 0.02) THEN 
            r_settling := DINT_TO_INT(i); 
        END_IF; 
    END_FOR; 
     
    //RISE TIME 
    i := 0; 
    r_rise := 0; 
    r_rise_param[0] := 0; 
    r_rise_param[1] := 0; 
    WHILE i < 10000 AND r_rise = 0 DO 
        //Find the index of the first value that exceeds 5%. 
        IF out[i] >= 0.05 AND r_rise_param[0] = 0 THEN 
            r_rise_param[0] := DINT_TO_INT(i); 
            //Find the index of the first value that exceeds 95% 
        ELSIF out[i] >= 0.95 AND r_rise_param[1] = 0 THEN 
            r_rise_param[1] := DINT_TO_INT(i); 
            //Once both are found, calculate the rise time. 
        ELSIF r_rise_param[0] <> 0 AND r_rise_param[1] <> 0 THEN 
            r_rise := r_rise_param[1] - r_rise_param[0]; 
        END_IF; 
        i := i + 1; 
    END_WHILE; 
     
    //INTEGRAL OF TIME-WEIGHTED ABSOLUTE ERROR (ITAE)  
    i := 0; 
    r_itae := 0; 
    FOR i := 0 TO 9999 BY 1 DO 
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        r_itae := r_itae + ABS(out[i] - 1); 
    END_FOR; 
    IF r_itae > 1000000 THEN 
        r_itae := 1000000; 
    END_IF; 
     
    //HEURUSTIC EVALUATION 
    w_overshoot := 0.1; 
    w_settling := 0.0001; 
    w_rise := 0.002; 
    w_itae := 0.001; 
    F[m] := w_overshoot * r_overshoot + w_settling * r_settling + w_rise * w_rise + w_itae * LREAL_TO_REAL(r_itae); 
     
    //Update the best solution if it is the first run. 
    IF m = 0 THEN 
        F_best := F[m]; 
        F_worst := F[m]; 
        i := 0; 
        FOR i := 0 TO 2 BY 1 DO 
            best[i] := local[m, i]; 
            worst[i] := local[m, i]; 
        END_FOR; 
    END_IF; 
     
    //Reset counters and go to next mode. 
    i := 0; 
    j := 0; 
    mode := 26; 
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//UPDATE LOCAL PHEROMONE TRAIL 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
IF mode = 26 THEN 
     
    i := 0; 
    FOR i := 0 TO 2 BY 1 DO 
         
        //Evaporate old local pheromone values and add the new pheromone. 
        pheromone[i, local[m, i]] := (rho * pheromone[i, local[m, i]]) + (F_best / F[m]); 
         
        //If this is the first time a node is evaluated (mean and count are both 1), the mean and variance should be based only 
        //on this run. Apply this rule to all three bands. Evalute and update the local heuristic values. 
        IF heuristic[i, local[m, i]] = 1 AND heuristic_count[i, local[m, i]] = 1 THEN 
            heuristic[i, local[m, i]] := theta / F[m]; 
        ELSE 
            heuristic_count[i, local[m, i]] := heuristic_count[i, local[m, i]] + 1; 
            heuristic[i, local[m, i]] := heuristic[i, local[m, i]] + (((theta / F[m]) - heuristic[i, local[m, i]]) / heuristic_count[i, local[m, i]]); 
        END_IF; 
     
    END_FOR; 
     
    //Reset counters and go to next mode. 
    i := 0; 
    j := 0; 
    mode := 27; 
     
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//UPDATE BEST AND WORST SOLUTIONS 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
IF mode = 27 THEN 
     
    //Update the best solution if applicable. 
    IF F[m] < F_best AND m <> 0 THEN 
        F_best := F[m]; 
        i := 0; 
        FOR i := 0 TO 2 BY 1 DO 
            best[i] := local[m, i]; 
        END_FOR; 
 
    END_IF; 
     
    //Update the worst solution if applicable.    
    IF F[m] > F_worst AND m <> 0 THEN 
        F_worst := F[m]; 
        i := 0; 
        FOR i := 0 TO 2 BY 1 DO 
            worst[i] := local[m, i]; 
        END_FOR; 
    END_IF; 
     
    //Reset counters and go to next mode. 
    i := 0; 
    j := 0; 
    mode := 28; 
     
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
//UPDATE GLOBAL PHEROMONE TRAIL 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
IF mode = 28 THEN 
     
    //Run every feedback'th iteration, for enhanced positive feedback where desirable. 
    IF m >= ants -1 THEN 
 
        //Make the individual nodes on the best path so far more attractive. Initially, it will be more important to try out new 
        //paths, so the updating coefficient should become smaller the further we get. 
        i := 0; 
        FOR i := 0 TO 2 BY 1 DO 
            n := best[i]; 
            pheromone[i, n] := pheromone[i, n] + (lambda * (ants - m) * (1 / F_best)); 
            IF pheromone[i, n] > lambda THEN 
                pheromone[i, n] := lambda; 
            END_IF; 
        END_FOR; 
        n := 0; 
         
        //Make the individual nodes on the worst path so far less attractive. Initially, it will be more important to try out new 
        //paths, so the updating coefficient should become smaller the further we get. 
        i := 0; 
        FOR i := 0 TO 2 BY 1 DO 
            n := worst[i]; 
            pheromone[i, n] := pheromone[i, n] - (lambda * (ants - m) * (1 / F_worst)); 
            IF pheromone[i, n] < trace THEN 
                pheromone[i, n] := trace; 
            END_IF; 
        END_FOR; 
        n := 0; 
         
    END_IF; 
         
    //Reset counters and go to next mode. 
    i := 0; 
    j := 0; 
    mode := 29; 
 
END_IF; 
 
 
//--------------------------------------------------------------------------------------------------------------------------------- 
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//ASSESS NEXT STEP 
//--------------------------------------------------------------------------------------------------------------------------------- 
 
IF mode = 29 THEN 
     
    //If the current session is not done, continue it. 
    IF m < ants - 1 THEN 
        m := m + 1; 
        i := 0; 
        j := 0; 
        n := 0; 
        trail := 0; 
        dice_parameter := 0; 
        dice_selection := 0; 
        mode := 22; 
    (*  
    //If the current session is done, but there is another one, set values and do it. 
    ELSIF m >= ants -1 AND multiplier <> multiplier_values[1] THEN 
        i := 0; 
        FOR i := 0 TO 2 BY 1 DO 
            n := best[i]; 
            k_opt[i] := path[i, n]; 
        END_FOR; 
        n := 0; 
        m := 0; 
        i := 0; 
        j := 0; 
        multiplier := multiplier_values[1]; 
        mode := 20; 
    *) 
    //If both sessions are done, set the PID parameters and activate the PID. 
    ELSIF m >= ants -1 AND multiplier = multiplier_values[0] THEN 
         
        //First time we store the value as the best for this run and write it as the optimal solution so far. 
        IF z = 0 THEN 
            F_final[z] := F_best; 
            i := 0; 
            FOR i := 0 TO 2 BY 1 DO 
                n := best[i]; 
                k_opt[i] := parameters[i, n]; 
                //k[i] := parameters[i, n]; 
            END_FOR; 
             
        //Future runs, if better, we do the same. 
        ELSIF z > 0 AND F_best <= F_final[z-1] THEN 
            F_final[z] := F_best; 
            i := 0; 
            FOR i := 0 TO 2 BY 1 DO 
                n := best[i]; 
                k_opt[i] := parameters[i, n]; 
                //k[i] := parameters[i, n]; 
            END_FOR; 
             
        //Future runs, if not better, we still store it, but we do not write it as the optimal. 
        ELSIF z > 0 AND F_best > F_final[z-1] THEN 
            F_final[z] := F_best;  
             
        END_IF;  
        z := z + 1; 
        m := 0; 
        i := 0; 
        j := 0; 
        n := 0; 
        trail := 0; 
        dice_parameter := 0; 
        dice_selection := 0; 
        multiplier := multiplier_values[0]; 
        mode := 30; 
         
    END_IF; 
     
     
END_IF; 
 
IF mode = 30 AND z < 100 THEN 
    mode := 215; 
ELSIF mode = 30 AND z >= 100 THEN 
    z := 0;  
    pb_opt := 100 / k_opt[0]; 
    ti_opt := (100 / pb_opt) / k_opt[1]; 
    td_opt := k_opt[2] / (100/pb_opt); 
    mode := 99; 
END_IF; 
 
 
//END OF PROGRAM 
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Appendix D 
 Derivation of a and P functions 

An initial set of values with set intervals were estimated from the four curves in 
provided diagrams, by scanning the them, and measuring them in Adobe Illustrator. 
Based on these values, polynomial and exponential curve fittings were performed 
respectively using MATLAB.  

The ‘a’ variable function 

The estimated functions for the a/Q plot can be found below in figure D.1. 

  

Figure D.1: The a/Q plot and curve fitting alternatives. 

Based on optical analysis, the polyfit results were deemed the most accurate. Below are 
the equations D.1 and D.2 for those fitted curves, based on system order. 

𝑎𝑎2𝑠𝑠𝑛𝑛 = 11827.95994684681 ⋅ 𝑄𝑄8 − 219042.1439139437 ⋅ 𝑄𝑄7 + 

 1771744.505582956 ⋅ 𝑄𝑄6 − 8175497.117992033 ⋅ 𝑄𝑄5 + 
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 23538872.00895969 ⋅ 𝑄𝑄4 − 43302867.58666146 ⋅ 𝑄𝑄3 + 

 49706013.53658778 ⋅ 𝑄𝑄2 − 32549675.08416676 ⋅ 𝑄𝑄 + 

 9309981.051135987 (D.1) 

𝑎𝑎3𝑜𝑜𝑛𝑛 = 33.019773561654326 ⋅ 𝑄𝑄6 − 446.0137683486032 ⋅ 𝑄𝑄5 + 

 2500.609329520803 ⋅ 𝑄𝑄4 − 7448.858022535480 ⋅ 𝑄𝑄3 + 

 12434.82796487774 ⋅ 𝑄𝑄2 − 11031.92023937684 ⋅ 𝑄𝑄 + 

 4065.095798387212 (D.2) 

The ‘P’ variable function 

The estimated functions for the P/Q plot can be found below in figure D.2. 

  

Figure D.2: The P/Q plot and curve fitting alternatives. 

Based on optical analysis, the polyfit results were deemed the most accurate. Below are 
the equations D.3 and D.4 for those fitted curves, based on system order. 

𝑃𝑃2𝑠𝑠𝑛𝑛 = 0.635326891647989 ⋅ 𝑄𝑄6 − 8.067917090461147 ⋅ 𝑄𝑄5 + 

 41.527302292947830 ⋅ 𝑄𝑄4 − 109.6029637522088 ⋅ 𝑄𝑄3 + 
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 153.0422989092332 ⋅ 𝑄𝑄2 − 102.1133037241141 ⋅ 𝑄𝑄 + 

 20.834566620066877 (D.3) 

𝑃𝑃3𝑜𝑜𝑛𝑛 = 1.390906822416457 ⋅ 𝑄𝑄6 − 18.789298794778280 ⋅ 𝑄𝑄5 + 

 105.3521684121111 ⋅ 𝑄𝑄4 − 313.8716335603404 ⋅ 𝑄𝑄3 + 

 524.1642190974858 ⋅ 𝑄𝑄2 − 465.4331302657379 ⋅ 𝑄𝑄 + 

 172.8911558498382 (D.4) 
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Appendix E 
 Derivation of differential equations 

 
First order process 

First, the transfer function is converted to controllable, canonical form (CCF). For a 
given, first order transfer function on the format as derived, and ignoring the delay, the 
transfer function can then be written as in equation E.1.1. 

𝐺𝐺(𝑠𝑠)1𝑜𝑜𝑜𝑜 = 𝑌𝑌(𝑜𝑜)
𝑈𝑈(𝑜𝑜)

= 𝐾𝐾
𝑇𝑇𝑜𝑜+1

  

 =
𝐾𝐾
𝑇𝑇
𝑜𝑜+1𝑇𝑇

  

 =
𝐾𝐾
𝑇𝑇
𝑜𝑜+1𝑇𝑇

⋅ 𝑍𝑍
𝑍𝑍
 (E.1.1) 

Note that by defining 𝑍𝑍 and using it to extend the equation, the overall transfer function 
does not change. The nominator and denominators can then respectively be defined as 
in equations E.1.2 and E.1.3. These equations also confirm that it is a third order transfer 
function, as based on the final order of the U(s) polynomial. 

𝑌𝑌(𝑠𝑠) = �𝐾𝐾
𝑇𝑇
� 𝑍𝑍  

 = 𝐾𝐾
𝑇𝑇
𝑍𝑍 (E.1.2) 

𝑈𝑈(𝑠𝑠) = �𝑠𝑠 + 1
𝑇𝑇
� 𝑍𝑍  

 = 𝑠𝑠𝑍𝑍 + 1
𝑇𝑇
𝑍𝑍 (E.1.3) 

Inverse Laplace transform of equations E.1.2 and E.1.3 can achieve discrete-time forms. 
This results in the differential equations in equations E.1.4 and E.1.5. 

𝑦𝑦(𝑡𝑡) = ℒ−1{𝑌𝑌(𝑠𝑠)} = 𝐾𝐾
𝑇𝑇
𝑥𝑥1 (E.1.4) 

𝑢𝑢(𝑡𝑡) = ℒ−1{𝑈𝑈(𝑠𝑠)}  

 = 𝑛𝑛
𝑛𝑛𝑜𝑜
𝑧𝑧 + 1

𝑇𝑇
𝑧𝑧 (E.1.5) 

The state variables can then be defined, and the differential equations written as per 
equations E.1.6 – 7 below. 

𝑥𝑥1 = 𝑧𝑧 (E.1.6) 
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𝑛𝑛
𝑛𝑛𝑜𝑜
𝑥𝑥1 = 𝑥𝑥2 = − 1

𝑇𝑇
𝑥𝑥1 + 𝑢𝑢 (E.1.7) 

The discrete-time output 𝑦𝑦(𝑡𝑡) and input 𝑢𝑢(𝑡𝑡) in equations E.1.4 and E.1.5, can then be 
rewritten as in equations E.1.8 and E.1.9. 

𝑦𝑦(𝑡𝑡) = 𝐾𝐾
𝑇𝑇
𝑥𝑥1 (E.1.8) 

𝑢𝑢(𝑡𝑡) = 𝑥𝑥2 + 1
𝑇𝑇
𝑥𝑥1 (E.1.9) 

In matrix form, this can be represented as in equation E.1.10: 

𝑛𝑛
𝑛𝑛𝑜𝑜

[𝑥𝑥1]=�− 1
𝑇𝑇
�

𝐴𝐴
[𝑥𝑥1]
𝐵𝐵

+[1]
𝐶𝐶
𝑢𝑢(𝑡𝑡) (E.1.10) 

And equation E.1.11: 

𝑦𝑦(𝑡𝑡) = � 𝐾𝐾
(𝑝𝑝3𝑇𝑇3)

�[𝑥𝑥1] (E.1.11) 

 
Second order process 

First, the transfer function is converted to controllable, canonical form (CCF). For a 
given, second order transfer function on the format as derived, and ignoring the delay, 
the transfer function can then be written as in equation E.2.1. 

𝐺𝐺(𝑠𝑠)2𝑠𝑠𝑛𝑛 = 𝑌𝑌(𝑜𝑜)
𝑈𝑈(𝑜𝑜)

= 𝐾𝐾
(1+𝑇𝑇𝑜𝑜)(1+𝑝𝑝𝑇𝑇𝑜𝑜)

  

 = 𝐾𝐾
(𝑝𝑝𝑇𝑇2)𝑜𝑜2+(𝑝𝑝𝑇𝑇+𝑇𝑇)𝑜𝑜+1

  

 =
𝐾𝐾

�𝑝𝑝𝑇𝑇2�

𝑜𝑜2+(𝑝𝑝𝑇𝑇+𝑇𝑇)
�𝑝𝑝𝑇𝑇2�

𝑜𝑜+ 1
�𝑝𝑝𝑇𝑇2�

  

 =
𝐾𝐾

�𝑝𝑝𝑇𝑇2�

𝑜𝑜2+(𝑝𝑝+1)
(𝑝𝑝𝑇𝑇) 𝑜𝑜+

1
�𝑝𝑝𝑇𝑇2�

⋅ 𝑍𝑍
𝑍𝑍
 (E.2.1) 

Inverse Laplace transform of equations E.2.2 and E.2.3 can achieve discrete-time forms. 
This results in the differential equations in equations E.2.4 and E.2.5. 

𝑦𝑦(𝑡𝑡) = ℒ−1{𝑌𝑌(𝑠𝑠)} = 𝐾𝐾
(𝑝𝑝𝑇𝑇2)

𝑥𝑥1 (E.2.4) 

𝑢𝑢(𝑡𝑡) = ℒ−1{𝑈𝑈(𝑠𝑠)}  

 = 𝑠𝑠2𝑍𝑍 + (𝑝𝑝+1)
(𝑝𝑝𝑇𝑇)

𝑠𝑠𝑍𝑍 + 1
(𝑝𝑝𝑇𝑇2)

𝑍𝑍 (E.2.5) 

The state variables can then be defined, and the differential equations written as per 
equations E.2.6 – 8 below. 
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𝑥𝑥1 = 𝑧𝑧 (E.2.6) 

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑥𝑥1 = 𝑥𝑥2 = 𝑛𝑛

𝑛𝑛𝑜𝑜
𝑧𝑧 (E.2.7) 

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑥𝑥2 = 𝑥𝑥3 = − 1

(𝑝𝑝𝑇𝑇2)
𝑥𝑥1 −

(𝑝𝑝+1)
(𝑝𝑝𝑇𝑇)

𝑥𝑥2 + 𝑢𝑢 (E.2.8) 

The discrete-time output 𝑦𝑦(𝑡𝑡) and input 𝑢𝑢(𝑡𝑡) in equations E.2.4 and E.2.5, can then be 
rewritten as in equations E.2.9 and E.2.10. 

𝑦𝑦(𝑡𝑡) = 𝐾𝐾
(𝑝𝑝𝑇𝑇2)

𝑥𝑥1 (E.2.9) 

𝑢𝑢(𝑡𝑡) = 𝑥𝑥3 + (𝑝𝑝+1)
(𝑝𝑝𝑇𝑇)

𝑥𝑥2 + 1
(𝑝𝑝𝑇𝑇2)

𝑥𝑥1 (E.2.10) 

In matrix form, this can be represented as in equation E.2.11: 

𝑛𝑛
𝑛𝑛𝑜𝑜�
𝑥𝑥1
𝑥𝑥2�=�

0 1
− 1

(𝑝𝑝𝑇𝑇2)
− (𝑝𝑝+1)

(𝑝𝑝𝑇𝑇)
�

𝐴𝐴

�
𝑥𝑥1
𝑥𝑥2�
𝐵𝐵

+�01�
𝐶𝐶

𝑢𝑢(𝑡𝑡) (E.2.11) 

And equation E.2.12: 

𝑦𝑦(𝑡𝑡) = � 𝐾𝐾
(𝑝𝑝𝑇𝑇2)

�[𝑥𝑥1] (E.2.12) 

 
Third order process 

First, the transfer function is converted to controllable, canonical form (CCF). For a 
given, third order transfer function on the format as derived, and ignoring the delay, the 
transfer function can then be written as in equation E.3.1. 

𝐺𝐺(𝑠𝑠)3𝑜𝑜𝑛𝑛 = 𝑌𝑌(𝑜𝑜)
𝑈𝑈(𝑜𝑜)

= 𝐾𝐾
(1+𝑇𝑇𝑜𝑜)(1+𝑝𝑝𝑇𝑇𝑜𝑜)(1+𝑝𝑝2𝑇𝑇𝑜𝑜)

  

 = 𝐾𝐾
(𝑝𝑝3𝑇𝑇3)𝑜𝑜3+(𝑝𝑝3𝑇𝑇2+𝑝𝑝2𝑇𝑇2+𝑝𝑝𝑇𝑇2)𝑜𝑜2+(𝑝𝑝2𝑇𝑇+𝑝𝑝𝑇𝑇+𝑇𝑇)𝑜𝑜+1

  

 =
𝐾𝐾

�𝑝𝑝3𝑇𝑇3�

𝑜𝑜3+�𝑝𝑝
3𝑇𝑇2+𝑝𝑝2𝑇𝑇2+𝑝𝑝𝑇𝑇2�

�𝑝𝑝3𝑇𝑇3�
𝑜𝑜2+�𝑝𝑝

2𝑇𝑇+𝑝𝑝𝑇𝑇+𝑇𝑇�
�𝑝𝑝3𝑇𝑇3�

𝑜𝑜+ 1
�𝑝𝑝3𝑇𝑇3�

  

 =
𝐾𝐾

�𝑝𝑝3𝑇𝑇3�

𝑜𝑜3+�𝑝𝑝
2+𝑝𝑝+1�
�𝑝𝑝2𝑇𝑇�

𝑜𝑜2+�𝑝𝑝
2+𝑝𝑝+1�
�𝑝𝑝3𝑇𝑇2�

𝑜𝑜+ 1
�𝑝𝑝3𝑇𝑇3�

⋅ 𝑍𝑍
𝑍𝑍
 (E.3.1) 

Note that by defining 𝑍𝑍 and using it to extend the equation, the overall transfer function 
does not change. The nominator and denominators can then respectively be defined as 
in equations E.3.2 and E.3.3. These equations also confirm that it is a third order transfer 
function, as based on the final order of the U(s) polynomial. 



PID tuning with Ant Colony Optimization (ACO): Appendix E 
A framework for a step response based tuning algorithm 
Carl Johan Björk 2018-05-23 
 

68 

𝑌𝑌(𝑠𝑠) = � 𝐾𝐾
(𝑝𝑝3𝑇𝑇3)

� 𝑍𝑍  

 = 𝐾𝐾
(𝑝𝑝3𝑇𝑇3)

𝑍𝑍 (E.3.2) 

𝑈𝑈(𝑠𝑠) = �𝑠𝑠3 + �𝑝𝑝2+𝑝𝑝+1�
(𝑝𝑝2𝑇𝑇)

𝑠𝑠2 + �𝑝𝑝2+𝑝𝑝+1�
(𝑝𝑝3𝑇𝑇2)

𝑠𝑠 + 1
(𝑝𝑝3𝑇𝑇3)

� 𝑍𝑍  

 = 𝑠𝑠3𝑍𝑍 + �𝑝𝑝2+𝑝𝑝+1�
(𝑝𝑝2𝑇𝑇)

𝑠𝑠2𝑍𝑍 + �𝑝𝑝2+𝑝𝑝+1�
(𝑝𝑝3𝑇𝑇2)

𝑠𝑠𝑍𝑍 + 1
(𝑝𝑝3𝑇𝑇3)

𝑍𝑍 (E.3.3) 

Inverse Laplace transform of equations E.3.2 and E.3.3 can achieve discrete-time forms. 
This results in the differential equations in equations E.3.4 and E.3.5. 

𝑦𝑦(𝑡𝑡) = ℒ−1{𝑌𝑌(𝑠𝑠)} = 𝐾𝐾
(𝑝𝑝3𝑇𝑇3)

𝑥𝑥1 (E.3.4) 

𝑢𝑢(𝑡𝑡) = ℒ−1{𝑈𝑈(𝑠𝑠)}  

 = 𝑛𝑛3

𝑛𝑛𝑜𝑜3
𝑧𝑧 + �𝑝𝑝2+𝑝𝑝+1�

(𝑝𝑝2𝑇𝑇)
𝑛𝑛2

𝑛𝑛𝑜𝑜2
𝑧𝑧 + �𝑝𝑝2+𝑝𝑝+1�

(𝑝𝑝3𝑇𝑇2)
𝑛𝑛
𝑛𝑛𝑜𝑜
𝑧𝑧 + 1

(𝑝𝑝3𝑇𝑇3)
𝑧𝑧 (E.3.5) 

The state variables can then be defined, and the differential equations written as per 
equations E.3.6 – 9 below. 

𝑥𝑥1 = 𝑧𝑧 (E.3.6) 

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑥𝑥1 = 𝑥𝑥2 = 𝑛𝑛

𝑛𝑛𝑜𝑜
𝑧𝑧 (E.3.7) 

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑥𝑥2 = 𝑥𝑥3 = 𝑛𝑛2

𝑛𝑛𝑜𝑜2
𝑧𝑧 (E.3.8) 

𝑛𝑛
𝑛𝑛𝑜𝑜
𝑥𝑥3 = 𝑥𝑥4 = − 1

(𝑝𝑝3𝑇𝑇3)
𝑥𝑥1 −

�𝑝𝑝2+𝑝𝑝+1�
(𝑝𝑝3𝑇𝑇2)

𝑥𝑥2 −
�𝑝𝑝2+𝑝𝑝+1�

(𝑝𝑝2𝑇𝑇)
𝑥𝑥3 + 𝑢𝑢 (E.3.9) 

The discrete-time output 𝑦𝑦(𝑡𝑡) and input 𝑢𝑢(𝑡𝑡) in equations E.3.4 and E.3.5, can then be 
rewritten as in equations E.3.10 and E.3.11. 

𝑦𝑦(𝑡𝑡) = 𝐾𝐾
(𝑝𝑝3𝑇𝑇3)

𝑥𝑥1 (E.3.10) 

𝑢𝑢(𝑡𝑡) = 𝑥𝑥4 + �𝑝𝑝2+𝑝𝑝+1�
(𝑝𝑝2𝑇𝑇)

𝑥𝑥3 + �𝑝𝑝2+𝑝𝑝+1�
(𝑝𝑝3𝑇𝑇2)

𝑥𝑥2 + 1
(𝑝𝑝3𝑇𝑇3)

𝑥𝑥1 (E.3.11) 

In matrix form, this can be represented as in equation E.3.12: 

𝑛𝑛
𝑛𝑛𝑜𝑜�

𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
�=�

0 1 0
0 0 1

− 1
(𝑝𝑝3𝑇𝑇3)

− �𝑝𝑝2+𝑝𝑝+1�
(𝑝𝑝3𝑇𝑇2)

− �𝑝𝑝2+𝑝𝑝+1�
(𝑝𝑝2𝑇𝑇)

�

𝐴𝐴

�
𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
�

𝐵𝐵

+�
0
0
1
�

𝐶𝐶

𝑢𝑢(𝑡𝑡) (E.3.12) 

And equation E.3.13: 

𝑦𝑦(𝑡𝑡) = � 𝐾𝐾
(𝑝𝑝3𝑇𝑇3)

�[𝑥𝑥1] (E.3.13) 
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