
 

 

ENG470 

Engineering Thesis Design Project 

Implementation of Conductivity Sensors in the Murdoch 

University Pilot Plant 

 

A report submitted to the School of Engineering and Energy, Murdoch University in partial 

fulfillment of the requirements for the degree of Bachelor of Engineering 

 

David Pol 

Semester 2, 2016 

Project Supervisor: Associate Professor Graeme Cole 



ii 
 

 

  



iii 
 

Declaration 

 

I, David Pol, declare that, apart from properly referenced quotations and citations, this thesis is my 

own work and complies with Murdoch University's academic integrity commitments and any other 

conditions of submission as attached to the assignment. It has not been submitted previously for 

assessment in another unit. I have read and understood Murdoch's Assessment Policy. 

 

     

 

 

 

The main body of this document has a word count of approximately 14 000 words.: 

 

 





v 
 

Abstract 

The strength of the Instrumentation and Control Major at Murdoch University relies heavily on the 

operation and capability of the Pilot Plant. This facility exposes students to real-world systems and 

provides an opportunity to apply theoretical knowledge to common industrial equipment. As such, 

it is continuously desired to increase the capabilities, and optimise the performance of the pilot 

plant to provide students and staff with a facility that can be used to deliver the best possible 

introduction to the process control industry. 

This project builds on knowledge acquired from the Industrial Computer Systems and 

Instrumentation and Control majors at Murdoch University and uses skills and knowledge 

developed from both disciplines to deliver a final operational product. Modbus TCP conductivity 

sensors were installed on each tank of the continuously stirred tank reactor (CSTR) system, and a 

previously unused tank was used to introduce an electrolyte solution to the system. This increases 

complexity by providing additional process variables that can be measured in each tank, and 

controlled by making using of the dye tank pump and recycle stream. 

This document is created with future students in mind, and as such it is recommended to use this 

document as a first point before considering conductivity experiments. Instrumentation and 

software used is introduced and followed by an explanation of the Modbus protocol and how this 

communicates with the Experion system. The report then explores the implementation of these 

sensors and the thorough testing that preceded to ensure successful operation. 

Many issues were found, and limitations of the system will be discussed. As well as this, the 

development of conductivity control strategies utilising the dye tank pump and recycle stream 

were created to analyse the performance of the new equipment, and its viability for use in future 

coursework.   
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1 Introduction 

1.1 Project Background 

The pilot plant at Murdoch, shown in Figure 1, is a small-scale simulation of the Bayer process that 

is used to extract alumina from bauxite. It uses instrumentation and equipment commonly seen in 

an industrial environment, and combined with Honeywell’s Experion Process Knowledge Suite 

(PKS) Distributed Control System (DCS) provides students with a realistic environment to apply 

theoretical process control knowledge. 

 

Figure 1: Murdoch University Process Pilot Plant. Photo by Author. 

The pilot plant is used in the third year unit ENG322 Process Control Engineering II, previously 

ENG346. In this unit, the pilot plant is used to implement basic PID controllers for temperature and 

level systems. Using the pilot plant as opposed to conventional lab equipment gives students a 
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greater understanding of how control strategies can be implemented with industrial equipment, 

and the disturbances and conditions to be aware of [1]. 

As the capstone unit of the instrumentation and control major, ENG455 Instrumentation and 

Control Systems Design, previously ENG420, introduces topics such as interaction analysis, 

decouplers and advanced multivariable controllers such as Dynamic Matrix Control (DMC). The 

pilot plant is used by students to understand the effects of disturbances and interaction and to 

develop controllers to manage these conditions [2]. The deliverables of this thesis project are 

designed in mind for use in ENG445 and other advanced process control units to further 

understand interaction and develop advanced multivariable controllers of increasing complexity.  

A number of projects have been performed on the pilot plant over the years, and theses published 

by Punch [3], Hopkinson [4], and Gumireddy [5] focus on expanding the capabilities of the pilot 

plant to improve exposure of advanced control systems to future students. This thesis continues 

with that trend and ensures that the pilot plant will remain a valuable educational tool for future 

students. 

1.2 Project Scope 

The project, as originally proposed, is to install conductivity sensors to the three Continuously 

Stirred Tank Reactors (CSTR’s), shown as heated tanks in Figure 2, and communicate process data 

to the Experion network via Modbus TCP/IP. Once these sensors are successfully communicating, 

control schemes will be designed and feedback controllers implemented to assess the viability of 

including conductivity experiments in future coursework.  
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Figure 2: Pilot Plant Process Flow Diagram [6] 

To successfully achieve this goal, it was originally proposed to gain a thorough understanding of 

the sensor and transmitter operation, the Modbus communication method and the Experion 

environment, including the development of control strategies and Human Machine Interface 

(HMI) screens. Significant constraints were placed on the execution of this project, primarily being 

that the pilot plant and associated equipment was being used by students for the majority of the 

semester. Not only does this require work to be managed around these students, it also requires 

that any changes to the pilot plant system are thoroughly tested and understood prior to 

implementation to ensure the system remains operational. 
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1.3 Project Objectives 

The main project objective is to ensure that all items defined in the project scope are achieved, 

primarily, successful implementation and communication to the conductivity sensors and correctly 

operating feedback controllers. It is desired to obtain a well-rounded understanding of a 

Distributed Control System (DCS) and the complexity involved with making additions and changes 

to such systems. 

Successful completion of this project will increase the complexity of the Continuously Stirred Tank 

Reactor (CSTR) system, by adding additional process input and outputs, providing the ability for 

future students and researchers to develop complex multivariable control strategies in a highly 

interactive system. This project will attempt to identify possibilities and issues to be aware of 

when introducing conductivity response to process control experiments. 

A further objective was to ensure that every stage of the project followed a methodical approach 

and was appropriately tested before progressing further. This was to ensure that any issues that 

may arise could be located and resolved prior to progressing, in the hope that larger issues would 

not present later. 

For this project, this methodical approach involved: 

 Gaining a comprehensive understanding of instrumentation and software that will be 

used; 

 Establishing Modbus TCP communication from conductivity sensors to a local PC; 

 Assessing performance and values obtained from the sensors; 

 Creating Experion control modules that perform basic operations for self-familiarisation; 
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 Developing Experion HMI screens that obtain data from previously designed control 

modules;  

 Determining a suitable electrolyte solution to use as an additive; 

 Understanding Modbus TCP communication to Experion PKS. 

These previous steps were to all occur before any work on the pilot plant commenced, this 

ensured that a thorough understanding of the pilot plant environment was developed, in the hope 

of mitigating any risk of causing unwanted changes and affecting other students using the system. 

A methodical approach was continued to be adopted for the remaining tasks with each step to be 

rigorously tested before advancing further: 

 Install conductivity sensors and connect to the Experion network; 

 Create control modules to obtain values from sensors; 

 Create HMI screens to view sensor values; 

 Analyse performance of sensors to changes in conductivity and other process conditions; 

 Obtain open loop step response data and create simulations; 

 Design feedback controllers in simulations; 

 And finally, implement control strategies on pilot plant system and test performance  
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2 Technical Review 

2.1 Conductivity Instrumentation 

Instrumentation that has been supplied for this project comprises of one Liquiline CM444 

transmitter and three Indumax CLS50D conductivity sensors. All instrumentation provided is 

produced by Endress & Hauser, a global supplier of instrumentation products. A brief overview of 

this equipment is provided in the following sections. 

2.1.1 Liquiline CM444 

The Liquiline CM444 is a multi-parameter transmitter that can obtain pH/ORP, Conductivity, 

Oxygen, Chlorine, Turbidity and other values from Memosens sensors from any manufacturer [7]. 

It is a four channel digital transmitter that allows the connection of up to eight sensors. By making 

use of plug and play functionality, it can be configured to communicate 4 – 20ma, HART, PROFIBUS 

DP, Modbus TCP, Modbus 485, Ethernet/IP and webserver [8]. 

The transmitter currently implemented contains the base module (BASE-E) that provides two 4 - 

20mA outputs, an alarm relay, and capability to have two sensors connected. An Ethernet (ETH) 

and a two digital sensor (2DS) module are also fitted, providing Modbus TCP functionality and the 

ability to support two additional sensors allowing a maximum of four [9]. Currently, the 

transmitter provides temperature and conductivity process values from three Indumax CLS50D 

conductivity sensors. 

2.1.1.1 Memosens Technology 

Memosens technology was originally developed by E+H and launched in 2004. This technology is 

now supported by other instrumentation suppliers Knick, Hamilton, SI Analytics, and are all 
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working together with Endress+Hauser to solidify Memosens technology as a de facto industry 

standard in the analytical instrumentation field [10].  

Memosens technology digitises process data in the sensor head and transfers this data to the 

cable connection via a sealed, contactless, inductive connection. This technology ensures simple 

sensor operation and eliminates corrosion occurring to the connection which may alter measured 

values [11].  

Memosens Technology with Liquiline transmitters provides plug and play ability for all Memosens 

sensors. Connected sensors are automatically detected allowing simple commissioning and 

calibrating, which reduces downtime [12]. 

2.1.2 Indumax CLS50D 

The Indumax CLS50D is a digital inductive-type conductivity sensor. It can be used in standard, 

hazardous and high-temperature applications and is suitable for analysis within the chemical, food 

and beverage, life science and waste water industry [13]. 

The sensor is available in either PEEK (Polyether ether ketone) or PFA (PerFluoroAlkoxy), two 

common premium thermoplastics [14], which provide the instrument with the ability to handle 

high temperature and pressure applications and perform reliably in aggressive conditions. This 

design ensures that the measurement cell has no direct contact with the process fluid and ensures 

long durability [13]. The sensors communicate digitally via Memosens protocol to the transmitter 

and as such must be used with a transmitter that supports this protocol. 
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2.1.2.1 Measuring Principle 

The Indumax CLS50D is a toroidal (inductive) type conductivity sensor. These instruments operate 

by inducing a current in the solution, which in turn generates a current in a secondary coil of the 

instrument. 

The instrument generates an alternating current (AC) signal with an oscillator circuit (1) that 

generates a current flow in the liquid being measured with the primary coil (5). The greater the 

conductivity of the solution the more current will flow (4). This current flow through the solution, 

as with all current flow, will generate a magnetic field. This field will induce a current within the 

secondary coil (3) of the instrument and is used to determine the conductivity of the liquid at the 

receiver (2) [15]. 

 

Figure 3: Inductive Conductivity Measurement [14] 

2.1.2.2 Calibration 

As this device is factory calibrated, calibration certificates are shown in Appendix A, no further 

calibration is required [15]. Perfect calibration is not critical for this application as the primary 

objective is that the data will be used to conduct process control experiments, which depend more 

on the change of variables. However, operation of the sensors was tested as shown in Section 3.1. 
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2.2 Conductance 

Conductance is the inverse of resistance. It is a measure of how easy it is for a material to conduct 

electric current [16]. It is measured in the units of Siemens (S), a derived unit, named after Werner 

von Siemens and equal to the conductance at which a potential of one volt forces a current of one 

ampere [17]. 

2.2.1 Conductivity 

Conductivity is a measure of conductance over a defined length; this is generally expressed in 

microSiemens per centimetre (µS/cm) or in solutions of a higher conductivity, milliSiemens per 

centimetre (mS/cm). It defines how well a solution conducts electricity [18]. 

Conductivity is only possible due to the movement of free ions within a solution. Therefore, a 

measurement of conductivity shows the density of free ions within a solution, indicating the 

quantity of electrolytes dissolved in the liquid and therefore the concentration of the electrolytic 

solution [18]. 

2.2.2 Applications 

“Specific conductance is one of the most frequently measured and useful water-quality 

parameters [19].” Conductivity measurements are a useful tool when it comes to liquid analysis 

and it is a valuable measurement for detecting contaminants and chemical concentration [20]. 

Industries such as water treatment and chemical production rely on such measurements to 

indicate the purity or quality of chemicals being processed.  

The most common application for conductivity sensors is not to obtain a conductivity 

measurement, but to detect the presence of electrolytes within a solution. As conductivity is 

related to the presence of electrolytes in a solution, a conductivity value can be used to determine 

when a solution reaches a specific concentration, salinity or level of total dissolved solids. This is 
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often used in demineralisation and monitoring applications, where a conductivity measurement is 

used to define when a solution is above or below a specific target [20]. 

Conductivity is non-specific, that is, a conductivity measurement will be obtained regardless of 

which ions are dissolved within a solution. However if a solution’s composition is known, such as in 

a laboratory setting, then a conductivity measurement can be used to define a solutions 

concentration. Using published conductivity-concentration curves, or lab obtained data for 

mixtures, functions can be generated to obtain a reliable concentration measurement [20].  

2.2.3 Effect of Temperature 

The conductivity of a solution will always rise when subject to an increase in temperature; this is 

due to the increased movement of the ions. Because of this, conductivity measurements are often 

reported as specific conductance. This is the conductivity of a solution adjusted to show what it 

would be at 25OC and enables a conductivity measurement to show more reliably if a change in 

conductivity is due to a change in concentration, not temperature [20]. 

Conductivity measurements produced by the instrumentation used in this project are 

uncompensated according to the technical information [13]; this provides the ability to use these 

sensors in the future to conduct experiments that record the effect that temperature has on the 

conductivity of the liquid in the tanks.  

2.3 Modbus 

Modbus is a common serial industrial communications protocol developed by Modicon (now 

Schneider Electric) in 1979 for communication between intelligent devices and PLC systems. 

Originally a proprietary protocol, the Modbus protocol is now a publicly available and open, and 

because of this has seen widespread implementation across the process control and automation 

industries [21]. 
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Being a digital communication method, Modbus communication can provide additional data from 

smart instruments as well as the process value. For example, a standard analogue 4 – 20mA device 

can only provide one signal that relates to 0 – 100% of its measurement range. However, a smart 

Modbus instrument can provide multiple process variables such as conductivity and temperature 

as well diagnostic data such as status of the device and configuration data [22]. 

Modbus utilises a simple client/server model (Figure 4), to implement communications between 

devices on an industrial network. The client has full control of communications and the server will 

only respond when it receives a request. Modbus is simple and flexible, and this is one of its 

greatest strengths. Anyone with an understanding of computer networks and communications 

protocols will find it easy to use and easy to implement [23].  

 

Figure 4: Modbus Client/Server Model 

2.3.1 General Protocol Structure 

A general Modbus request sent from a client has the following structure: 

Table 1: Typical Modbus message frame format [20] 

Address Field Function Field Data Field Error Check Field 

1 byte 1 byte Variable 2 bytes 

 

The first field contains the address of the device where the request is aimed; a Modbus network 

can comprise of many devices, but only the device to which the request is addressed will respond. 

The next field contains the function code specifying the action the target device is to perform, and 
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the next field contains additional data related to the function that the device target is to perform. 

The final field is the error check field, and this is calculated by performing a 16 bit Cyclic 

Redundancy Check (CRC-16). The error check ensures that a target device does not respond to a 

message that has been corrupted during transmission [21]. 

2.3.2 Modbus Functions 

The Modbus protocol comprises of well-defined public function codes. These are functions 

guaranteed to be unique and validated by the MODBUS.org community [24]. Commonly used 

public functions are shown in Table 2 as follows: 
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Table 2: Modbus Functions [24] 

Function Description 

01 Read Coils 
Function code is used to request the ON/OFF status of 
one or more continuous logic coils from the target 
device.  

02 Read Discrete Inputs 
Function code is used to request the ON/OFF status of 
one or more continuous digital inputs from the target 
device.  

03 Read Holding Registers 
Function is used to obtain 16 bit register values used to 
denote analogue values. 

04 Read Input Registers 
Function is used to obtain 16 bit register values used to 
denote analogue input values. These registers are where 
process values are generally held. 

05 Write Single Coil 
Function is used to write an ON/OFF value to a single 
logic coil. 

06 Write Single Register 
Function is used to write a 16 bit value to an analogue 
holding register. Input registers cannot be written to. 

07 Read Exception Status 

Function is used to access and read the contents of 8 
available Exception Status outputs. An Exception 
response indicates that some error has occurred and the 
response cannot be executed. 

08 Diagnostics 
Function provides tests to check the communication 
between the client and the server. 

16 Write Multiple Registers 
Function performs the same operation as function 06 
but can be used to write to multiple continuous 
registers. 

23 Read/Write Multiple Registers 
Function simultaneously reads and writes to multiple 
continuous registers. Write operation is performed prior 
to read operation. 

2.3.2.1 Liquiline CM444 Commands 

The Liquiline CM444 makes use of 5 of the previously listed publicly available Modbus commands 

[22]. These are: 

 03 Read Holding Register; 

 04 Read Input Register; 

 08 Diagnostics; 
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 16 Write Multiple Registers; 

 23 Read/Write Multiple Registers.  

2.3.3 Modbus TCP/IP 

Modbus TCP/IP is the Transmission Control Protocol/Internet Protocol (TCP/IP) version of the 

Modbus Protocol. TCP/IP is the communication protocol of the Internet and is commonly used 

with standard Ethernet equipment. The Modbus TCP/IP protocol takes the standard Modbus 

instruction and adds a TCP/IP header and error check frame to it to allow it to be sent over a 

standard Ethernet network, including the Internet. Because of this Modbus TCP/IP transmissions 

can easily be set up using cheap and readily available Ethernet equipment and can easily be 

incorporated into an existing corporate network [25]. 

2.4 Honeywell Experion PKS 

Honeywell Experion Process Knowledge Suite (PKS) is an industrial Distributed Control System 

(DCS) that manages the operation of the pilot plant. A DCS is simply a system that uses multiple 

controllers and computers distributed throughout the system to execute control operations [26]. A 

DCS advantages from increased reliability compared to a central controller system, as control for 

each sub-system is managed by a separate controller, providing the ability for each sub-system to 

be run independently of the status of other controllers [26]. 

Honeywell Experion PKS is an integrated suite that can provide all hardware and software required 

to implement, modify and execute control of an automated manufacturing or process plant. The 

Murdoch University Pilot Plant utilises a single C300 controller and a variety of I/O (input/output) 

modules to operate the pilot plant and connect to field instruments and devices. To manage and 

monitor this system, a number of software utilities are provided that were required to be 
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understood for the successful completion of this project. These are as follows and will be 

discussed further in the following sections:  

 Configuration Studio; 

 Control Builder; 

 HMIWeb Display Builder; 

 Station. 

2.4.1 C300 Controller 

The C300 controller is the controller at the heart of the Honeywell’s Experion platform. It provides 

an interface to connect to various types of I/O and executes real-time control strategies. A DCS 

controller, like the C300, is essentially a processor that acquires field values from connected I/O 

modules, processes the values and sends appropriate values to output modules to manipulate 

devices such as motors, VSD’s and solenoids. Control strategies are loaded to the C300 controller 

with the Control Builder software [27]. 

2.4.1.1 I/O Modules 

The C300 controller connects to I/O modules that provide an interface to instruments in the field. 

The Murdoch Pilot Plant comprises of the following I/O modules: 

 2x Digital Input 24V; 

 2x Digital Output 24V; 

 2x HART Analogue Input; 

 1x HART Analogue Output. 

These I/O modules acquire data from field devices as either a digital 0-24V, or an analogue 4-20ma 

signal and communicate this data to the C300 controller [28], and also provide the capability to 
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communicate to smart instruments via Fieldbus or Profibus via the appropriate Field Interface 

Module [29]. For Modbus applications, such as what will be used for this project, connections are 

made to an Ethernet switch that is connected to the C300 controller without an I/O module [30]. 

2.4.2 Configuration Studio 

Configuration Studio provides a central location for the tools necessary to configure, check status, 

and access information for the Experion system. This allows users to manage all aspects of the 

system configuration including, but not limited to, hardware configuration, history, OPC, control 

strategies, controllers, and even field devices [31]. Configuration Studio is the top level program 

used in the Experion environment, and from this program, Control Builder and HMIWeb Display 

Builder can be accessed. A screenshot of Configuration Studio is provided in Figure 5 showing 

some of the options available. 

 

Figure 5: Configuration Studio Screenshot 
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2.4.3 Control Builder 

Control Builder is the control building software used to configure Experion controllers, including 

the C300, which can handle all possible control requirements for continuous processes, batch 

processes or discrete operations [32]. Control Builder is used for all configuration of the C300 

controllers, and the design of control strategies. Control strategies are developed in Control 

Builder, to be executed on a C300 controller, as Control Modules (CM’s). Control modules are 

programmed using a function block diagram style of programming; programs are designed by 

selecting the required function blocks from a library and adding them to the workspace. These 

function blocks can provide a wide range of operations including, but not limited to, Boolean logic, 

numeric, mathematic and regulatory control including PID [32]. Figure 6 provides a screenshot of 

the Control Builder interface; this screen shows a number of operations available to the user. 

Control Module’s that have been created are shown in the upper left of the screen, the function 

block library in the lower left, and in the centre a portion of a control module that controls the 

speed of a pump, utilising a PID block, numeric blocks and a multiplication block is shown. 
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Figure 6: Control Builder Screenshot 

2.4.4 HMIWeb Display Builder 

HMIWeb Display Builder is a software application used to create and edit Human Machine 

Interface (HMI) pages. These pages, once loaded to the appropriate computers, are used to view 

process conditions and make changes with Station [33]. HMIWeb Display Builder is accessed via 

Configuration Studio; pages are created by selecting from a library of shapes, drop down menus, 

checkboxes, charts and other objects. Objects used can be assigned a data point that relates to a 

value used in a control module. For example, a circle can be used, assigned to a Boolean data point 

and change colour depending on the state of the data point. This is a simple method of creating a 

visible indicator on a HMI page. As seen in the pilot plant and Figure 7, complex pages can be 

designed that display a large number of numeric values, indicators as well as manipulate other 

settings. 
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Figure 7: HMIWeb Display Builder Screenshot 

2.4.5 Station 

Station is the software used to view HMI pages that have been created in HMIWeb Display Builder. 

Figure 8 shows a screenshot of how the same HMI page presented in Figure 7 appears in Station. 

While all previous programs discussed are only available if access to the Experion server is granted, 

Station is installed on every computer in the pilot plant control room to be used to operate the 

pilot plant, and grants access to operators to make available changes as required. Station also 

provides the ability to display configured data in a trend view, allowing users to visualise 

behaviour of the process much clearer, and allows the export of the time series data to excel or 

other software for analysis.  
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Figure 8: Station Screenshot 
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3 Method & Testing 

3.1 Sensors and Transmitter 

As none of the equipment had been used previously, extensive testing and familiarisation was 

required to ensure that the existing system would not be affected negatively. It was desired to first 

achieve connection to the transmitter via Ethernet, communicate with Modbus TCP via LabVIEW 

and then obtain values and assess performance of the sensor before considering installation on 

the pilot plant. 

3.1.1 Communication to Local PC 

Communicating to a local PC involved 2 main steps; first, establishing and verifying a network 

connection, and secondly, communicating via Modbus to obtain process values. The objective was 

to understand the configuration of the device and Modbus parameters required so they could 

later be applied when implementing into the pilot plant’s Experion network.  

3.1.1.1 Webserver 

According to documentation, the transmitter includes a built in webserver that can communicate 

over Ethernet and is easily accessible via an internet browser as shown in Figure 9 [8]. The 

transmitter was connected to an Ethernet switch in the control room and at this stage it was easy 

to ‘ping’ the device over the local network and prove that the communication route, device 

addressing and configuration was correct.  
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Figure 9: E+H Conductivity Transmitter Webserver 

Figure 10 shows that the IP address of 192.168.133.21, which had previously been configured by a 

technical staff member, to allow connection to the network in the pilot plant, provided a 

successful connection. 

 

Figure 10: 'ping' test in Command Prompt 
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Issues were encountered when trying to access the conductivity transmitter webserver via a web 

browser. According to Endress+Hauser documentation, ‘the option for using the proxy server for 

LAN must be disabled in the settings of the web browser’ [34]; however, due to Murdoch 

University restrictions, it was not possible to change security settings of Internet Explorer or 

Google Chrome. A simple workaround to this problem was found, which was to use Mozilla 

Firefox, Figure 11, where it was possible to change security settings of the browser. 

 

Figure 11: Mozilla Firefox Proxy Settings 

This enabled successful connection to the transmitter, channels could be enabled, and values from 

sensors monitored on a local PC. 
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3.1.1.2 Modbus TCP via LabVIEW 

Webserver connection confirmed correct transmitter configuration and that communication was 

possible over the existing Local Area Network. From here it was desired to achieve successful 

Modbus TCP communications to a local PC, this was to be conducted using the LabVIEW software. 

LabVIEW installed on the university’s computers provide access to the Datalogging and 

Supervisory Control (DSC) module that allows communications to be established with little 

knowledge of the structure of the Modbus TCP/IP protocol. The LabVIEW DSC includes a Modbus 

TCP palette, shown in Figure 12, which provides defined VI’s that can be used to open and close 

the connection as well as read register values [35].  

 

Figure 12: LabVIEW Modbus Palette [35] 

Using the ‘Data transmission via Modbus’ guide [22] available from the conductivity transmitter’s 

website, which provides vital information that define the values stored in Modbus registers and 

their datatype, a LabVIEW program was developed. This program was to be developed to gain an 

understanding of setting up Modbus communications to the instrument and when functioning 

correctly, to obtain conductivity values from the sensors for further testing. 
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The program was developed to obtain conductivity and temperature process values, the units they 

were being measured in, and the status of the process value from each sensor. As an additional 

exercise to increase familiarisation, the program was also developed to be able to obtain the IP, 

netmask and gateway address as well as write integer values to Modbus registers that would 

request temperature values be returned in a different unit. Screenshots of the LabVIEW code 

created can be seen in Appendix B . 

An issue that arose at this point was that Modbus register values obtained via LabVIEW are 

returned as either single-bit Boolean values or as a 16-bit unsigned integers. However, per the 

instrument manufacturer’s documentation [22], process values were of an IEEE-754 standard, 32-

bit floating point datatype, and other values such as the units, status and network addresses, were 

8-bit unsigned integers. 

8-bit values were obtained by reading a 16-bit register value and splitting it into two 8-bit values, 

and ensuring the order was correct; however, acquiring 32-bit floating point values, was more 

involved. Two 16-bit registers were read and converted to Boolean arrays, these array’s were 

joined to create a 32-bit Boolean array and converted to floating point using the IEEE754 Standard 

shown in Figure 13.  

 

Figure 13: IEEE754 Floating Point Data Type [22] 

To confirm that the LabVIEW code created was reading Modbus register values correctly, the 

webserver application was used to verify that values obtained via each method were the same. 
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3.1.2 Sensor Performance  

It was acknowledged at the beginning of this project that it would be required to first test the 

operation of the supplied sensors in the lab, prior to them being permanently installed, to ensure 

that measured values were accurate and correct. The sensors supplied are factory calibrated [15], 

so minimal priority was placed of the accuracy on the result, rather that they were comparable to 

the conductivity sensor obtained from the chemistry department. 

Once communication to LabVIEW was established, a LabChem conductivity sensor from the 

chemistry department was obtained and values compared from this device to one of the E+H 

conductivity sensors to be installed. Twelve Potassium Chloride (KCl) solutions of unknown 

concentration were created, and values from each sensor recorded. Results from this test are 

shown in Figure 14; it can be seen that results obtained from each sensor are comparable for all 

tests performed. 

This exercise was primarily performed to confirm that there were no major issues with the 

instrumentation, but was also used to confirm that the LabVIEW program was operating correctly 

and that 32-bit Modbus registry values were being correctly compiled.  
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Figure 14: Comparison between LabChem and E+H Conductivity Sensor 

While conducting background reading at the beginning of the project, it was also found that the 

sensors supplied were toroidal inductive sensors designed to have fluid flow through them to gain 

a reading [36]. This is not an available option with the pilot plant as pipes are not large enough, 

and the only suitable location to be installed is on the tanks themselves. Testing was performed to 

determine if agitated or still liquid would still give a suitable reading, as this would give an idea 

whether the turbulence supplied by the tank agitators would be enough to provide reliable 

readings. Results of this test are shown in Figure 15, showing a slight difference in values obtained 

between stagnant and agitated solutions, but values are generally similar, and show that an 

agitated solution will provide values that are adequate to conduct process control experiments. 
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Figure 15: Comparison between Agitated and Stagnant Solution 

3.2 Dye Chemical 

A suitable chemical needed to be found to manipulate the conductivity of the process liquid. In the 

same way that conductivity of a solid depends on the free movement of electrons, the 

conductivity of a liquid depends on the free movement of ions. These liquids are known as 

electrolytic solutions [37]. 

An electrolyte is a substance whose aqueous solution dissociates into ions. They can be divided 

into acids, bases and salts. More specifically, an acid is an ionic compound that yields hydrogen 

(H+) ions when dissolved, a base provides an excess of hydroxide (OH-) ions, and a salt is an ionic 

compound commonly produced by an acid-base reaction [38]. 

The same qualities that make these substances conductive, is also what makes them have 

corrosive or oxidising properties. The charged ions are free to move around, increasing the rate of 

ionic reactions and electrolysis [38]. It is well known that salt water increases the rate of corrosion 
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on many metals, notably iron, as well as an acids ability to dissolve metal resulting in hydrogen gas 

and a salt. Obviously, this is an undesired situation in the pilot plant. 

Six electrolytes were initially considered, these were chosen primarily due to their availability: 

 Sodium Chloride (NaCl) – Common table salt; 

 Potassium Chloride (KCl) – Readily available salt; 

 Sodium Hypochlorite (NaOCl) – Commonly available as disinfectant and pool chlorine; 

 Sodium Bicarbonate (NaHCO3) - Bicarbonate soda; 

 Acetic Acid (CH3COOH) – Household vinegar; 

 Hydrochloric Acid (HCl) - Pool Acid. 

Upon discussion with staff, it was desired to not use any acids or bases due to their tendency to 

release gas and other safety concerns regarding handling by students. It was acknowledged that at 

the low concentrations they would have been used, it would most likely not be an issue, but as 

sodium chloride is much safer to use and readily available it would be much more ideal. However, 

to minimise the effect that salt water may have on the pilot plant equipment, it is required to 

pump fresh water through any equipment that has contained salt water. 

3.3 Control Builder 

Two test control modules (CM’s) were made to gain experience with the Control Builder software. 

This software had not been used previously and it was desired to have a thorough understanding 

of the operation of this software prior to making changes to pilot plant systems. Creating basic 

control modules gave an understanding of how to create CM’s and any issues that arose could be 

solved prior to creating CM’s that use real-time process data from the pilot plant. Documentation 
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provided by Honeywell was used extensively to create these control modules, specifically the 

‘Control Building User’s Guide’ [32] and ‘Control Builder Components Theory’ [39]. 

3.3.1 Boolean And 

The first control module (CM) performs a simple Boolean addition operation as shown in Figure 

16. Although a simple operation, creating this CM ensured that an understanding of the function 

block library, block configuration and how to load and activate control modules was developed. 

 

Figure 16: 'Boolean And' Test Control Module 

3.3.2 First Order System 

The second CM developed (Figure 17) performs a more complex operation and provides exposure 

to a wider variety of function blocks. This CM executes a discretised first order transfer function 

and later had a PID feedback controller added, shown in Figure 18. It was desired to create this CM 

as it was known that it could be used later to simulate the response of the system. It also provided 

valuable exposure to using the PID block that would be required for later controller development.  
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Figure 17: Simple First Order System Test Control Module 

 

 

Figure 18: First Order System with PID, Test Control Module 

3.4 HMI 

HMI pages were constructed to gain an understanding of the HMIWeb Display Builder software. 

HMI pages were designed to access data from the test control modules developed previously. As 

with developing control modules this would not have been possible without technical 

documentation provided by Honeywell, and the ‘HMIWeb Display Building Guide’ [33] was used 
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extensively. Figure 19 shows a HMI page that was designed to access the test CM that simulated a 

first-order system. This CM displayed the process variable (PV), manipulated variable (MV) and 

setpoint of the process on a trend chart, and provided the ability to change the controller to 

manual or automatic mode, allowing user entry of either the setpoint or manual input value 

depending on the mode of the controller. This provided experience developing HMI pages with 

HMIWeb Builder and promoted trouble free editing when it was required to change existing HMI 

pages to display new data from the sensors. 

 

Figure 19: HMI Page Developed to Access First Order System Data 

  



33 
 

4 Implementation 

At this stage of the project an understanding of all hardware and software required to proceed 

had been developed. From here it was required to install sensors on the pilot plant, obtain data 

and analyse results prior to developing simulations and control strategies. A methodical approach 

was continued to be followed to ensure that any issues that may arise be found and rectified 

before progressing to the next task.  

4.1 Physical Installation 

Figure 20 shows the location where the conductivity sensor was installed on CSTR2, as each tank 

has a very similar configuration the location was the same for each tank. When choosing a location 

to install the sensor, fours factors were considered: 

 Proximity to agitator; 

 Proximity to steam coil; 

 Proximity to metal surfaces; 

 Cable route. 
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Figure 20: Sensor Installation 

The sensor was kept away from the moving agitator, to mitigate any risk of damage being caused 

to either piece of equipment. Temperature was considered, as according to instrument 

specifications, shown in Appendix C, the sensor has a maximum process temperature of 125OC. 

Although interlocks on the system restrict tank liquid temperatures exceeding 70 OC, and provide a 

medium for the steam coil to cool rapidly, it was ensured that sensor location was not too close to 

the coil. 

Due to the measuring principle of the instrument, proximity to metallic materials, such as tank and 

pipe walls, will have an effect on the measured value. The sensor can be configured to apply an 

installation factor to measured values if there are electrically conductive or non-conductive 

materials within 15mm [15], though in this case the sensor was installed halfway between the 

steam coil and tank wall as shown in Figure 21 and this was not required. 
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Figure 21: Sensor Installation, Close-up 

4.2 Creating Control Modules 

To obtain values from the conductivity sensor transmitter, a control module was required to be 

created. To ensure the structure of CM’s in the Control Execution Environment (CEE) was 

consistent with the existing project, a CM was created for each sensor with intuitive titles and tag 

addresses chosen. CM and tag names were chosen based on existing names and detailed in Table 

3 below: 

Table 3: Control Module and Tag Addresses 

Location Existing 
Temperature 
Control Module 
Name 

Existing 
Temperature 
Process Variable Tag 
Address 

Proposed 
Conductivity 
Control Module 
Name 

Proposed 
Conductivity 
Process Variable Tag 
Address 

CSTR1 TT_623 TT_623.DACA.PV CA_623 CA_623.CA_623.PV 

CSTR2 TT_643 TT_643.DACA.PV CA_643 CA_643.CA_643.PV 

CSTR3 TT_663 TT_663.DACA.PV CA_663 CA_663.CA_663.PV 

 

Conductivity sensors were addressed as CA_XXX; CA was chosen to denote Conductivity Analyser 

and the numeric value was assigned to match temperature sensors currently installed on each 



36 
 

tank. Temperature CM’s utilise a data acquisition block, named DACA, that is used for filtering of 

input values and configuring of alarms [39]; this was considered unnecessary for conductivity 

values as alarms were not required and at this time the raw value was adequate for future 

experiments. 

 

Figure 22: Conductivity Control Modules 

Final control modules were designed as shown in Figure 22; each sensor was assigned its own CM 

where conductivity and temperature values were obtained via the Peer Control Data Interface 

which is explained in Section 4.2.1. Conductivity values are returned in milliSiemens/cm [22], this 

was scaled by 1000 to convert to microSiemens/cm, where values are usually greater than one, 

and stored in a numeric block, where it can be read by Station and viewed on HMI. 

4.2.1 Peer Control Data Interface 

The Peer Control Data Interface (PCDI) facilitates communications between the C300 Controller’s 

Control Execution Environment (CEE) and Modbus TCP devices. Through use of the PCDI function, 
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Honeywell Experion can communicate to third party instrumentation, programmable logic 

controllers (PLC’s) and remote terminal units (RTU’s) that support Modbus TCP. By using a Modbus 

TCP to serial bridge, this connectivity is increased to all Modbus serial devices [40]. Figure 23 

shows where PCDI functions are implemented and how Modbus communications are established 

over the existing Experion Fault Tolerant Ethernet (FTE) network. 

 

Figure 23: Simplified PCDI Architecture Block Diagram [40] 

Modbus communications and PCDI implementation within the Experion environment relied 

heavily on the “Data transmission via Modbus” [22] and “Peer Control Data Interface 

Implementation Guide” [40] supplied by Endress+Hauser and Honeywell. These documents 

provided steps required to implement communications and detailed configuration settings 

available. 

4.2.1.1 I/O Module PCDI Master 

The Peer Control Data Interface (PCDI) Master serves as the communications bridge between the 

C300 CEE and Modbus TCP devices. Its basic configuration, Figure 24, sets up the type of device 

that will be connected, its IP address and the Modbus functions that will be performed, shown 

earlier in Table 2. 
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As Modbus TCP communications to the transmitter had been extensively tested, and succesful 

communications made to LabVIEW, Section 3.1.1, initial configuration of the PCDI Master block 

was relatively trouble free. The same IP address and port number were used and the block 

configured to allow reading of Modbus input and holding registers and activating this connection 

provided indication of a healthy connection. 

  

Figure 24: PCDI Master Configuration Screenshots 

4.2.1.2 PCDI Numeric Array Request Channel 

The Peer Control Data Interface Numeric Array Request Channel BLOCK (PCDINUMARRCHA), 

shown in Figure 25, is used to request numeric data from a Modbus connection established with 

the PCDI Master block. Its basic configuration, shown in Figure 26, specifies the PCDI Master block 

it is assigned to, the starting element index (register address) and number of values to be 

retrieved.  
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Figure 25: Conductivity Transmitter Control Module 

 

Modbus register values are requested slightly different in Experion than LabVIEW. Where LabVIEW 

uses the simple Modbus address as defined in Modbus tables provided by the instrument 

manufacturer (Appendix D, Table 11), Experion requires a six digit value be entered (Appendix D, 

Table 10). The first three digits correspond to the data-type of the value, and the last three are the 

register address plus one, this is simply because Honeywell index values start at 1 and Modbus 

register values start at 0. 

Process values to be acquired were 32-bit floating point; therefore the ‘Long’ checkbox was 

selected and as specified in Honeywell documentation [40], the Starting Element Index chosen to 

be 200001 to enable values to be returned as word swapped IEEE floating point. This avoided the 

issue that occurred with acquiring 32-bit values from LabVIEW detailed in Section 3.1.1.2.  
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Figure 26: PCDINUMARRCHA Configuration Screenshots 

4.3 HMI Updates 

Since an understanding of HMI creation had been obtained, HMI screens were updated to provide 

the data from the conductivity sensors, shown in Figure 27 and Figure 28. As well as being added 

to these pages, conductivity trend data is available on the trend page. 

 

Figure 27: Original CSTR HMI Screen 
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Figure 28: Final HMI Screen with Conductivity Data  

4.4 Effect of Electrolyte Solution 

At this stage all instrumentation had been tested to confirm correct operation. To progress to the 

next stage of acquiring values from the pilot plant and implementing feedback control, it was first 

required to confirm that the electrolyte solution would provide a measurable response when 

introduced to the CSTR system. 

The dye tank was calculated to have a volume of 20.5L calculated from the diameter and height 

measurements of 295mm and 300mm respectively. Based on this, a solution was created 

comprising 325g of table salt and 18L of tap water. These were arbitrary quantities chosen based 

on the equipment that was available at the time.  

This test was conducted by setting dye tank pump speed to 100% with all flow going to CSTR3. It 

was intended only to find the maximum and minimum values of conductivity, to assess if the 

concentration of NaCl solution was adequate to achieve a measurable response. 
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4.4.1 Results 

When the dye tank pump was running at 0%, conductivity was measured to be approximately 307 

µS/cm. Considerable fluctuations, or noise, is experienced on the measurement of conductivity 

when the agitators are on, however these are necessary to ensure adequate mixing of solution in 

the tank. 

Figure 29 shows that when the Dye Tank Pump is at 100% a maximum conductivity of 3985 µS/cm 

is measured. It can be reasonably expected that this will increase above 4000 µS/cm, as the 

process did not reach steady state, but this was not required as an adequate and very measurable 

change in conductivity was recorded. Although a very crude test at this stage, process response is 

shown to have smooth first order with delay dynamics, showing negligible effects of disturbance 

or system nonlinearities at this time. It was chosen to continue to use this solution for future 

experiments based on the quality of response and did not consider it necessary to spend more 

time and resources optimising this solution. 

 

Figure 29: Effect of NaCl Solution 
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4.5 Steady State Analysis 

For simplified controller tuning and guaranteed performance, it was desired to use a model-based 

controller tuning method. To obtain this model, open loop steps must be performed and the 

dynamics analysed [41]. This requires all process conditions, such as flow, temperature, volume 

and conductivity to be at steady state to ensure the dynamics being recorded have been caused by 

the change in manipulated variable and not other disturbance variables. It was desired that this 

initial steady state value should be at a point that provides a suitable range of manipulated 

variable deviation to ensure that well performing control is possible later. 

4.5.1 Dye Tank Pump Steady State Value 

The first variable that needed to be considered was the dye tank pump. This would be used as the 

manipulated variable to directly affect conductivity in the CSTR system. As this pump is controlled 

by VSD, it was presumed that flow output would be relatively linear. This presumption is based on 

previous experience using VSD’s in the pilot plant to conduct process control experiments. Having 

a linear output means that the relationship between VSD speed and pump flow rate would be 

directly proportional and is an ideal MV for process control experiments.  

This proportional relationship implies that a VSD pump speed of 50% will provide half of the flow 

rate experienced at 100%, and that a steady state pump speed of 50% would provide a feedback 

controller with the largest possible range in the positive and negative direction to affect the 

process variable.  

This was tested by filling the dye tank and recording how long it would take to empty. At 50% 

pump speed, the dye tank would empty in 48 minutes, and at 100%, 24 minutes, confirming the 

linear output of the VSD. 
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Despite this, a pump speed of 40% was chosen. This decision was based on the time that it took 

the dye tank to empty. As a major part of this project was to assess the viability of performing 

conductivity and multivariable experiments in the future, it was recognised that the longer the 

tank took to empty, and the less often it needed to be refilled, the more practical it would be for 

students to perform these experiments in the future. 

4.5.2 Manipulated Variable Limits 

Configuration of the system that was used to perform the first tests, was dictated by the 

controllers that are provided on Station HMI. The following configuration is what was used to 

control liquid levels and flow rates and ensure the system was at steady state: 

 Non-Linear Tank Level was controlled with the Raw Water Valve; 

 Flow Disturbance Pump Speed was controlled manually; 

 Needle Tank level was controlled with the Need Tank Pump; 

 CSTR3 level was controlled with the Product Pump. 

To control the flow rate of liquid through the CSTR’s, and hence record the effect that flow has on 

conductivity response, the flow disturbance pump was used. However it was found that if this 

speed was increased or decreased too much, other pumps would saturate. This was investigated 

and findings are as follows: 

Table 4: Pump Saturation Limits 

FDP Speed NTP Speed PP Speed 

28 20 0 

29 22 1 

30 24 2 

50 70 17 

59 97 24 

60 100 23 
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Shown in Figure 30 and Figure 31, it can be seen that choosing a flow disturbance pump speed 

outside of 28% or 60% would saturate either the needle tank pump or product pump and inhibit 

control of the needle tank or CSTR3 level. 

 

Figure 30: Product Pump Saturation 

 

Figure 31: Needle Tank Pump Saturation 
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4.5.3 Effect of Flow Rate 

It was expected that flow rate would have an effect on the response time of conductivity 

experiments. As with selecting a steady state dye tank pump speed, it was desired to select an 

appropriate flow rate that would ensure that experiments performed were balanced between 

being practical as well as achieving good response. 

To confirm this, the flow disturbance pump was set to 31% and once steady state was achieved, a 

step was introduced by changing the dye tank pump speed from 40% to 60%. Once complete, the 

same test was performed with the flow disturbance pump set to 59%. These pump speed values 

were chosen based on the findings of the previous section and ensure that other systems could 

remain controlled for the duration of the tests. 

Once data was acquired, a linear least-squares regression method was used to solve for the first 

order with delay model shown in Equation 1. 

Equation 1: First order plus time delay model 

             
       
                    

This was used to analytically assess the effect that flow rate has on conductivity experiments. 

Obtaining the models simplified the analysis, by providing numeric values that could easily be 

compared. 
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Figure 32: Step Test, FDP = 59% 

Equation 2: High Flow Rate, 1
st

 Order Response 

 ( )   
              

         
 

 

Figure 33: Step Test, FDP = 31% 
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Equation 3: Low Flow Rate, 1
st

 Order Response 

 ( )   
              

         
 

Based on the findings above it was chosen to continue using 50% as the steady state flow 

disturbance pump speed as it would assist in decreasing the time required to perform future 

conductivity tests and collect data. Equation 2 and Equation 3 show a clear difference in time 

constant with the slow flow rate causing the value to increase to approximately 730, close to 

double that of 376 calculated at the higher flow rate. This is clearly visible on Figure 32 and Figure 

33 with the process variable taking over 1000 seconds longer to reach steady state when the flow 

disturbance pump is 31%. 

Conducting these experiments, it was also noticed a change in flowrate would not only change 

process dynamics but would also change the steady state value of conductance for the same dye 

tank pump speed, shown in Figure 34 . This was expected as lowering the flow rate into the CSTR 

system increases the ratio of electrolyte solution being added to the tank; however the change in 

conductivity was larger than expected changing from 4100 µS/cm at the lowest flow rate to 2200 

µS/cm at the highest.  
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Figure 34: Change in Flow Rate 

4.6 Step Response Model Identification 

Based on the previous findings, steady state values had been selected, and step response model 

identification and subsequent controller design could occur. It was desired to obtain a model of 

the process to be used for simulation and future controller tuning as model based tuning methods 

often deliver better performance [42]. This was obtained by using a linear least squares regression 

method and solving for a first order with delay model. 

Once the process reached steady state 4 steps were performed. These were as follows: 

 Dye tank pump speed from 40 – 60; 

 Dye tank pump speed from 60 – 40; 

 Dye tank pump speed from 40 – 20; 

 Dye tank pump speed from 20 – 40. 

0

10

20

30

40

50

60

70

0.00

500.00

1,000.00

1,500.00

2,000.00

2,500.00

3,000.00

3,500.00

4,000.00

4,500.00

0.00 1000.00 2000.00 3000.00 4000.00 5000.00

P
u

m
p

 V
SD

 S
p

e
e

d
 (

%
) 

C
o

n
d

u
ct

iv
it

y 
(µ

S/
cm

) 

Conductivity Process Response 
Flow Disturbance Pump Speed 59 - 31% 

CSTR1 Conductivity Flow Disturbance Pump Speed Dye Tank Pump Speed



50 
 

Multiple steps were performed to obtain the process response and model when the system is 

subject to different steps. As a future feedback controller would be performing MV changes in the 

positive and negative direction and when the PV is at different values, it was desired to obtain an 

average model that took into account these possible differences, and was tuned accordingly. 

Results of these tests are shown in Appendix E. 

4.7 Simulation Development 

The average of all obtained process models was taken to create a generalised transfer function 

that could be used for model based tuning: 

Equation 4: Average Process Model 

  ( )  
         

      
 

4.7.1 Simulink 

This model was used as the basis for all model based controller tuning. However, before this, a 

Simulink model was created for comparison between real process data as well as to be used to 

test controllers in the future. Figure 36 shows a comparison between the average model and the 

previous obtained open loop step in dye tank pump speed from 40% to 60%. It shows very slight 

differences in final steady state values, which are expected due to using an averaged model, but 

apart from this, process dynamics are similar. These results were considered adequate to apply 

this model to controller tuning. 



51 
 

 

Figure 35: Open Loop Simulink Model 

 

Figure 36: Simulink Model Comparison 
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As the new model attempted to be as similar as possible to the real process, a number of changes 

had to be made to the control module and the configuration of the PID block. The first of these 

was to have the simulation operating from the same steady state values as the real process. The 

same first order simulation control module was redesigned as shown in Figure 37, (full control 

module shown in .  

The CM was able to be modified to set the initial PV and MV values; a value called initialPV was 

added to the controller input and another value called initialMV added to the controller output. 

Configuring the control module in this manner ensured that if initial steady state values were to 

change in the future, the simulation could easily be changed to accommodate. 

 

Figure 37: Configuration of Initial Steady State Values 

To ensure saturation limits of the output were correctly reflected in the simulation, limits of the 

PID Block output required to be changed to ensure that MV would not operate outside the range 

of 0 – 100. As the initial steady state manipulated variable value was 38%, the deviation of the 

controller was limited to not increase by more than 62% or decrease by 38% using the output 

configuration settings shown in Figure 38. 
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Figure 38: Experion PID Block Output Limits 

The second change that required to be made was to have the PID block accept PV values up to 

5000. 5000 was chosen as the highest conductivity obtained to date was 4200 µS/cm, and this 

value provided some room for movement if required. This was not a major concern as it could 

easily be changed at a later date if necessary. By using the Honeywell’s “Control Builder 

Components Theory Document” [39] it was found that PVEU (Process Variable, Engineering Units) 

Range Hi, PVEU Range Low and Setpoint Input Range High Limit were required to be changed to 

reflect the new 0 – 5000 limits [39]. Once changes had been made, the HMI page was used to 

introduce a step input of +20 to the system. This response was recorded and plot against the 

previously obtained response from Simulink. Figure 39 shows that response of both simulations 

was exactly the same, confirming the correct configuration of the Experion simulation and 

allowing it to be used in future controller design.  
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Figure 39: Model Comparison, Simulink and Experion Simulations 
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5 Single Tank Control Scheme Design 

As conductivity data has not been available in the past to conduct experiments, and the dye tank 

pump and recycle stream had not been used either, extensive preparation and modelling needed 

to be performed to find the capabilities and limitations of this new system and assess its 

practicality for use with future students. 

5.1 Controller Tuning 

The direct synthesis approach to control design was chosen when developing control algorithms 

for conductivity. Put simply, direct synthesis is a model based tuning method that provides the 

ability to choose the exact response of the process by tuning the controller with respect to a 

chosen desired model [41]. Direct synthesis was chosen instead of other tuning methods due to 

the ease of implementation, availability of process models and the ability to select a desired 

response. The following section details the derivation of tuning parameters. For this system, a first 

order response was desired; therefore no overshoot or oscillations were expected.  

A process reaches 99.7% of its final value in approximately 5τ [41]. Therefore, a τ value of 150 

would depict a rise time of 750s or 12.5 minutes. This was the original value chosen and a 

simplified derivation of controller tuning parameters is shown below: 

Equation 5: Direct Synthesis Tuning Method 

                    
  

      
 

                  ( )  
 

      
 

                        
 

  
(
 

   
) 
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Solving for GC: 
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Gives tuning parameters as follows: 

   
   

    
         

   
 

   
           

The full derivation of tuning parameters for a first-order system is shown in Appendix G. Rise time 

can be changed easily by changing the tau value of the desired response. This was a major factor 

in the selection of tuning methods, if upon implementation control action was too aggressive or 

conservative, it could be easily changed in the future [41]. 

5.2 Controller Testing – Simulation 

To assess if derived controllers would perform adequately prior to implementing on the pilot 

plant, it was desired to assess performance in simulation. This was to check that desired process 

response was possible, similar to what was desired and primarily that MV behaviour was not too 
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aggressive. It was preferred that valve position would not saturate for a setpoint change of 500 to 

ensure that tight control was possible for larger setpoint changes. 

5.2.1 Simulink Implementation 

Using the simulation model developed in Section 4.7.1., where open loop performance had 

already been proven correct, PI control was added, shown in Figure 40, and then its performance 

analysed. This was the first step performed to assess if the controller parameters derived would 

provide the desired response.  

 

Figure 40: Simulink Simulation with PI Control  

Figure 41 shows the response of the process with the controller parameters derived in Section 5.1. 

It shows a first order repsonse and is near setpoint after 750s as desired. MV action deviates 

approximately 40% to 80%, avoiding saturation at 100% and exhibits smooth action until it reaches 

its new steady state value at approximately 50%. This is a satisfactory result and testing was 

continued with Experion.  
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Figure 41: Simulink Simulation Closed Loop Process Response 

5.2.2 Experion Implementation 

Once the controller tuning parameters had been confirmed, it was desired to test controller 

implementation in Experion. This was required as Simulink and Experion implemented PI 

controllers with different algorithms as shown in Equation 6 and Equation 7. Documentation 

provided by Honeywell specified the control algorithm was of the form shown in Equation 7 as 

well as stating that T1, integral time, is in minutes [39]. It was not found in MATLAB 

documentation if integral time was in minutes, but was presumed to be in seconds, and required 

to be confirmed. 

Equation 6: Simulink PI Controller Algorithm 

    (    
 

 
)  

Equation 7: Honeywell Experion PI Controller Algorithm 

    (  
 

  
 
 

 
) Where T1 is integral time in minutes. [39]  
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As Experion executes in real-time, testing the derived model was time consuming, so a much 

faster model was used to enable testing to be performed quicker. The control module that was 

created earlier to simulate a first order model was used, with the following model applied:  

   
   

     
 

PI feedback control was used with the following parameters: 

       

        

This system was simulated in Simulink and Experion and response compared. It was found that for 

correct operation of PI controllers, integral time was required to be multiplied by 60 to convert to 

minutes and then inverted. Doing this would result in similar performance from Simulink and 

Experion simulations as shown in Figure 42. Simply inverting the integral value would result in 

incorrect performance, shown in Figure 43. This confirms that the method for converting the 

integral value was correct. 
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Figure 42: Simulink/Experion Comparison, Integral Time Multiplied by 60 and Inverted 

 

Figure 43: Simulink/Experion Comparison, Integral Time Multiplied by 60 
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Once correct implementation had been confirmed with the faster responding model, PI control 

was tested on the real model developed in Section 4.7.2 and used controller tuning parameters 

derived in Section 5.1.  

A setpoint change of 500 was introduced, and results recorded and compared to the expected 

response that was obtained earlier with Simulink. These results are shown in Figure 44 and show 

that control action is very conservative, causing a very slow PV response, with no dynamics similar 

to what was expected and shown with Simulink. 

 

Figure 44: Simulink/Experion Comparison, Real Model 
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calculated gain. As maximum PV and SP limits had also been increased by 50 times, it was trialled 

increasing the gain by 50 times and recording the response. 

Figure 45 shows the response of the process when controller gain had been increased 50 times to 

3.7826. As displayed, process dynamics are very similar to what was expected. Final controller 

values used are presented in Table 5; these values and the process response were considered 

acceptable and next step was to implement this control strategy within the pilot plant. 

 

Figure 45: Simulink/Experion Comparison, Real Model, Adjusted Gain 
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5.3 Pilot Plant Implementation 

At this point, it was felt that all issues regarding control design and implementation had been 

covered, and the next step was to implement the control strategy with the pilot plant equipment. 

A controller had previously been designed to control FT_613, a flow transmitter on the dye pump 

line, shown in Figure 46, with the dye tank pump. This control strategy was considered 

unnecessary as flow rate does not fluctuate significantly on this line and a controller to control the 

conductivity of CSTR1 would be more valuable. 

 

Figure 46: Dye Tank Controller HMI 

To do this, an understanding of how previous controllers were implemented within Experion was 

required. A thorough understanding of the PID block had been obtained at this point from earlier 

Experion Control Builder familiarisation activities as well as extensive testing of controller 

parameters performed previously. However, the specific configuration of the currently 

implemented block within the Dye Tank Pump control module and the connections to it were not 

understood completely. 
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Figure 47: Experion Dye Tank Pump PID Controller 

The PID Block shown in Figure 47 had six inputs connected to it. To ensure correctly functioning 

control and no negative impact on existing operation of the pilot plant these were investigated 

and findings discussed below. 

5.3.1 Input 1 – PV 

Input 1 is used to provide a process variable to the PID block [39]. This had tag 

PID_PV_ARRAY.ACTUAL_AI.PV[20] connected to it. This tag reads from a different control module; 

it was found that this control module, ‘PID_PV_ARRAY’, served no other purpose than to be a 

central location for all process variables used for PID control to be located, shown in Figure 48. 

Within this CM, the process variable was changed from FT_613.FT_613.PV to CA_623.CA_623.PV, 

the value of conductivity in CSTR1 obtained from the recently installed conductivity sensors. 
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Figure 48: Experion PID PV Array Control Module 

5.3.2 Input 2 – OP 

Input 2 writes the operating point to the PID block. When in manual mode, this value is sent 

directly to the dye tank pump to control speed [39]. DP_REF_611.SWITCHB.OP is connected to this 

input pin, which is an output of a switch block within the same control module. This switch block 

was found to be switched by the MANUAL/AUTO drop down box on the dye system HMI page, 

shown in Figure 49.  
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Figure 49: Dye Tank Pump Controller HMI Inputs 

This drop down menu changes the state of the assigned tag at B10_0_11 which is used indirectly 

to change the state of the switch module, this also depends on the state of another flag, 

WARN_LGHT.B1402.Q . Depending on the state of the switch block, shown in Figure 50, either a 

value of 0 or the value set by the OP box on the HMI screen will be sent to the PID block. The CM 

WARN_LGHT appears to be redundant code and currently serving no purpose. Based on reading of 

a previous thesis by Mackay [43], this code was previously used to activate an audible alarm and 

light when a tank was overflowing or other required fault conditions, but was no longer 

implemented, due to Experion PKS being far superior at handling alarms compared to the previous 

system.  

This convoluted and unnecessary code is synonymous with the majority of code throughout the 

pilot plant control module programming. As well as this, it is not required to change the value of 

OP to 0 based on whether the PID is in manual or cascade mode as the PID block will only read 

from the input pins that are required for its operation [39].  
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Figure 50: Operating Point Selector Code, with Redundant WARN_LIGHT Code 

5.3.3 Input 3 – ESWFL.MAN 

External Switching Flag – Manual Mode. This input switches the PID block to manual [39]. 

Connected to this is a Boolean flag PD12_11_SWM.PVFL. This flag is set indirectly by the 

MANUAL/AUTO drop down box on the HMI screen and is also used to change the state of the 

switch block mentioned in the previous section. 

5.3.4 Input 4 – SP 

This input sets the setpoint of the PID block. As with the OP input pin, this value comes from a 

switch block, in this case SWITCHA.OP., shown in Figure 51, however, this serves no purpose at all. 

As found earlier, WARN_LGHT.B1402.Q is a tag from a CM that appears to be obsolete and has no 

function at the present time. Therefore this switch block never changes state and writes the value 

dictated by the SP box on the HMI to the PID block at all times. It is not required to write a 

setpoint value to the PID block at all times, as the block will only read the SP value when it is 

CASCADE mode and disregard it when in MANUAL mode [39].  
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Figure 51: Switch Block to Change Setpoint Input Value 

5.3.5 Input 5 – CTLACTN 

Control Action is used to set the direction of the control action. With direct control, an increase in 

error (PV-SP) increases the PID output, but with reverse control the PID output will be decreased 

[39]. In the case of this code, it appears this is always set to be REVERSE as the Boolean flag that 

dictates its condition is set to be permanently true and other WARN_LGHT tags used in the logic 

are assumed to be unused. 

5.3.6 Input 6 – ESWFL.CAS 

External Switching – Cascade Mode. This operates in the same manner as ESWFL.MAN. Applying a 

true value to this input pin turns the PID block to CASCADE mode [39]. The tag connected to this 

pin is simply the Boolean NOT of the tag connected to ESWFL.MAN. This ensures that the PID block 

is in either MANUAL or CASCADE mode but never both. 

Upon analysis it was found that although the code within the control module was confusing and 

poorly designed, the PID controller could be redesigned to control conductivity by changing the PV 

value sent to the block and changing PID configuration parameters, shown in Figure 52 Figure 53, 

to reflect what was found in Section 4.7.2 and 5.2.2, with no changes to code structure required. 
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Figure 52: PID Block Configuration, Main Settings 

 

Figure 53: PID Block Configuration, Algorithm Settings 
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5.4  Controller Performance 

Figure 54 shows a comparison between the PV and MV response of the pilot plant system and the 

Experion based simulation. Response of the pilot plant systems is very similar to the Experion 

simulation, with similar response in both PV and MV, aside from the obvious effects of noise on 

the pilot plant response.  

This noise is caused from the effect of the tank agitators creating turbulence within the tank and 

therefore on the conductivity sensors, however they are required to ensure that the liquid in the 

tank is mixed as well as possible. This response indicates correct implementation of PI conductivity 

control on CSTR1. 

 

Figure 54: CSTR1 Conductivity Controller Performance, Comparison to Experion Simulation 

5.4.1 Setpoint Tracking 

Figure 55 shows the change in PV and MV of CSTR1 when subject to a setpoint change from 2500 

to 3000 µS/cm. Setpoint change occurs at 300s and the process variable reaches setpoint 

approximately 700s later at 1000s. As desired, no overshoot, offset or oscillations are experienced 
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and the process variable exhibits a first order response. As demonstrated in simulations, MV does 

not saturate and adjusts smoothly to a new steady state value. 

 

Figure 55: CSTR1 Conductivity Controller Performance, Setpoint +500 

Figure 56 shows a more in depth analysis of the process variable response. Setpoint and process 

variable are shown as deviations from steady state and to assess the performance of the 

controllers setpoint tracking ability, the response with respect to a setpoint change is compared to 

a model of the desired response reacting to the same setpoint change.  

The real process can be seen to have a slower response and solving for the first order with delay 

model of the actual response, shown in Equation 8, shows that the actual process has a slightly 

smaller gain and a larger tau value than the desired response.  
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Figure 56: Controller Comparison to Desired Response, Setpoint +500 

Equation 8: Actual PV Response with PI Control, Setpoint +500 

         ( )  
            

        
 

Figure 57 and Figure 58 continue this analysis, however with a setpoint change in the opposite 

direction from 2500 to 2000 µS/cm. Again this system shows very similar response to the desired 

model, with small differences in the gain and tau of the actual response, shown in Equation 9, 
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Figure 57: CSTR1 Conductivity Controller Performance, Setpoint -500 

 

Figure 58: Controller Comparison to Desired Response, Setpoint -500 

Equation 9: Actual PV Response with PI Control, Setpoint -500 
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5.4.2 Disturbance Rejection 

To further test the ability of the designed controller, performance was recorded when a 

disturbance was introduced to the system. For this system, a change in flow disturbance pump 

speed was introduced, which would change the flow rate of liquid passing through CSTR1.  

Figure 59 shows response of the controller when flow disturbance pump is stepped from 50% to 

40%. The dye tank pump decreases to reduce the flow of solution, but response is sluggish and 

takes approximately 2500 seconds to return to setpoint. It can be seen that another disturbance 

affects the system when t =2000. This occurred unintentionally when refilling the dye tank with 

solution. A common occurrence in the pilot plant, increases of liquid level in the tanks increase the 

pressure of the liquid on the suction side of the pump, and leads to an increase in flow rate for the 

same pump speed. This is what can be seen occurring at 2000 seconds, the dye tank was refilled 

and dye flow rate increased, increasing concentration in the tank, until the controller adjusted and 

brought the pump speed down. 

 

Figure 59: CSTR1 Conductivity Controller Performance, Decrease in Flow 
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Figure 60 shows when flow disturbance pump speed is increased back to 50%. Conductivity 

decreases as an increased amount of less conductive liquid flows through the tank, and the 

controller accommodates by increasing dye tank pump speed. MV action is smooth; however it is 

very sluggish, taking approximately 2500 seconds for the PV to return to setpoint. This response is 

much poorer than expected, and due to the controller tuning method chosen. The direct synthesis 

method is designed to have very tight setpoint tracking abilities, but sacrifices disturbance 

rejection capabilities with often sluggish response [44]. 

 

Figure 60: CSTR1 Conductivity Controller Performance, Increase in Flow 
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6 Multiple Tank Control Scheme Design 

All previous controller design involved only controlling the conductivity in one tank. This was a 

suitable exercise in proving correct operation of Modbus communication, conductivity sensors and 

their ability to integrate with the pilot plant’s Experion network. For a more complex controller 

design, it was desired to control conductivity in a second tank by utilising the recycle stream.  

6.1 Configuration 

For this system, conductivity in the first tank was controlled by the dye tank pump and the second 

tank controlled by the recycle stream valve. To ensure the recycled liquid being fed back to CSTR2 

was a higher conductivity than the liquid being fed in from CSTR1, solenoid SV-614 was opened, 

which causes electrolyte solution to be added to CSTR3 at the same rate as it is fed to CSTR1. 

Figure 61 provides a simple diagram of solenoid configuration; refer to Appendix H for a 

comprehensive P&ID of the CSTR System.  

Pumping solution into the third tank will be a large disturbance variable but will ensure that the 

conductivity in the third tank is much greater than the first, enabling a greater range of control in 

the second tank. 

Designing a new control strategy requires steady state values to be obtained and open loop step 

responses obtained again. These are required for the effect of recycle stream valve position on 

CSTR2 conductivity, and for the effect of dye tank pump speed effect on CSTR1 conductivity. This is 

required as opening solenoid SV-614 will divert some solution to CSTR3, reducing the amount of 

electrolyte solution flowing to CSTR1, which will affect the gain of the response and change the 

controller tuning parameters required for this system.  
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Figure 61: Multi-tank Control, Solenoid Configuration 

6.1.1 Dye Solenoid Issues 

It was desired to continue using the same steady state dye tank pump speed of 40%, as this 

provided a manageable timeframe to ensure that liquid remained in the tank. However, at this 

speed, and with two solenoids open, no solution reached CSTR1. 

When VSD speed is less than 50%, the solution is only pumped to CSTR3 and there is no flow to 

CSTR1. The dye tank pump's steady state speed was required to be increased to 70% to ensure 

that solution is pumped to the tank, and that controllability remains. 

Running the dye tank pump at this increased speed caused the dye tank to be emptied at a much 

quicker rate; approximately 30 minutes. This is a major design flaw that severely inhibited 

productivity and will require attention if it is desired to perform conductivity experiments in the 

future.  
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6.2 Steady State Values 

Prior to any model identification, the system was required to be at steady state. As discussed 

previously, dye tank pump speed was required to be at 70%. The recycle stream valve had not 

previously been used for any control applications; and was chosen to be at 50%, in the centre of its 

range to enable it to be able to manipulate the conductivity of CSTR2 adequately. Table 6 shows 

steady state values chosen and the resulting conductivities experienced in each tank. 

Table 6: Multi-tank Configuration Steady State Values 

Equipment 
Single Tank Configuration 

- Value 
Multi-Tank Configuration 

- Value 

Dye Tank Pump Speed 40% 70% 

Recycle Stream Valve Position 0% 50% 

Flow Disturbance Pump Speed 50% 50% 

CSTR1 Conductivity Approx. 2500 µS/cm Approx. 1400 µS/cm 

CSTR2 Conductivity Approx. 2500 µS/cm Approx. 1800 µS/cm 

CSTR3 Conductivity Approx. 2500 µS/cm Approx. 4000 µS/cm 

 

6.3 CSTR1 Step Response Model Identification 

Derivation of controller parameters for the multi-tank configuration followed the same method as 

for the single tank outlined in Section 5. Open loop steps were performed, responses modelled 

and controllers designed for both CSTR1 and CSTR2. 

The first order approximate model was obtained by performing two steps, a 10% increase in pump 

speed from steady state shown in Figure 62, and in Figure 63, a 10% decrease from the same 

steady state value.  
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Figure 62: CSTR1 Open Loop Step Response, Multi-tank Configuration 

Equation 10: Step Response Model, CSTR1, Multi-tank Configuration 
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Figure 63: CSTR1 Open Loop Step Response, Multi-tank Configuration 
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Equation 11: Step Response Model, CSTR1, Multi-tank Configuration 
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6.4 CSTR1/Dye Tank Pump Controller Design 

Controllers were designed using the same direct synthesis method employed for previous 

controllers, outlined in Appendix G. Using the first-order approximate model shown in Equation 

12, which is an average of the responses of Equation 10 and Equation 11, controller parameters 

were derived to achieve the response as earlier single-tank controllers. 

Equation 12: Average Step Response Model, CSTR1, Multi-tank Configuration 

  ( )  
           

        
 

Based on the findings of Section 5.2.2, controller gain calculated was multiplied by 50, and integral 

time multiplied by 60 and inverted. This provided the parameters in Table 7 to be used in Experion 

to successfully control CSTR1 conductivity. 

Table 7: CSTR1 Multi-tank Configuration, Controller Parameters 

 Calculated Converted for Experion 

Gain (K) 0.0918 4.59 

Integral Time (T1) 0.00217 7.688 

 

Initial steady state conductivity when the dye tank pump was set to 70% was 1397 µS/cm, 

therefore, 1400 µS/cm was chosen as the initial setpoint value for future tests to be conducted. 
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6.5 CSTR2 Step Response Model Identification 

The model was obtained by stepping the recycle stream valve from 50 – 70%. The recycle stream 

has a far smaller effect on the conductivity of CSTR2 as shown in Figure 64 and the first order 

approximation in Equation 13 shows that the gain of 7.8 is much less than previous systems. 

 

Figure 64: CSTR2 Open Loop Step Response, Multi-tank Configuration 

Equation 13: Step Response Model, CSTR2, Multi-tank Configuration 
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6.6 CSTR2/Recycle Stream Controller Design 

As CSTR2 had a naturally faster time constant than the CSTR1 system, it was chosen to tune the 

controller using the same direct synthesis method but with a desired tau value of 120. This 

provided the PI controller parameters shown in Table 8. 
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Table 8: CSTR2 Multi-tank Configuration, Controller Parameters 

 Calculated Converted for Experion 

Gain (K) 0.4514 22.57 

Integral Time (T1) 0.00237 7.018 

 

A currently implemented controller on FCV_690, the recycle stream valve, was redesigned the 

same way as the CSTR1 controller in Section 5.3. The ‘PID_PV_ARRAY’ input was changed to read 

the value of conductivity from CSTR2 and tuning parameters adjusted. 

6.7 Performance 

Performance of both controllers, and the viability of this system for future experiments, was 

tested by changing the setpoint of CSTR1 from 1400 µS/cm to 1300 µS/cm. Figure 65 shows the 

CSTR1 controller provides good setpoint tracking ability, displaying first order response, with no 

offset, and MV action similar to what had been occurring for all earlier experiments. The change in 

CSTR1 conductivity acts as a disturbance on CSTR2 and although PV does not deviate from 

setpoint largely, the recycle valve position increases by approximately 20%. Increasing recycle 

valve position increases the flow through CSTR3, decreasing the conductivity of the solution in the 

tank, and the liquid being recycled back to CSTR2, creating a ‘snowball’ effect. As the strength of 

the recycle stream decreases, the valve is required to open more to raise the conductivity of 

CSTR2 effectively reducing the conductivity of the recycle stream even more. 

This effect is more obvious when a larger setpoint change is introduced in Figure 66. CSTR1 tracks 

setpoint, however CSTR2 deviates from setpoint and as the recycle stream valve opens more to 

compensate for the lessening conductivity of CSTR3 it eventually saturates when fully open and all 

controllability is lost. 
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Figure 65: Multi-tank Configuration, Controller Performance 

 

 

Figure 66: Multi-tank Configuration, Controller Performance 
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The performance of controllers in this configuration adequately shows the capabilities of Experion 

and the pilot plant. While testing these controllers, it was not understood how this would be a 

realistic control strategy and it should be considered using the dye tank pump as an MV for the 

conductivity of CSTR3. This would introduce a system that is capable of providing product in the 

final tank at a set volume, temperature and conductivity. Regardless of performance of the 

controllers, this shows that making use of the recycle stream provides a highly interactive system. 

Currently disturbances and interaction affect CSTR3 very strongly. As the dye tank pump has a very 

strong effect on conductivity and a minimal effect on temperature and volume, it is advisable to 

use this as the MV for CSTR3 to reject disturbances. 

Interaction analysis is presumed to show this to be the most advisable control pairing; however, in 

this situation, loop pairings were based on an arbitrary configuration of the pilot plant to assess its 

capabilities and limitations. Having conductivity uncontrolled in CSTR3 also causes issues using the 

recycle stream to feed back to CSTR2. As conductivity of this stream is not constant, strong 

performing control is difficult as there is an additional disturbance affecting the system. 
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7 Future Works 

7.1 Dye Tank Time Constraints 

The dye tank only takes 30 minutes to empty when the pump is at the 70% required for multi-tank 

experiments. Conductivity experiments have proven to be time consuming often taking an hour to 

get to steady state. When required to continuously make more solution and fill up the tank every 

30 minutes, while running experiments, productivity is seriously impacted. It is not currently viable 

to continue with conductivity experiments, with the current hardware limitations. This problem 

could be offset by providing a large tank of ready-made electrolyte solution, that can be used to 

easily refill the dye tank, or by investigating the issue that is currently restricting flow of solution 

into CSTR1 at low pump speeds. 

7.2 Advanced Control 

Implementation of conductivity sensors in the pilot plant has provided new capabilities that allow 

the CSTR system to be configured in a variety of ways. 

7.2.1 Interaction 

Demonstrated in this report, implementation of conductivity measurements and use of the recycle 

stream creates a highly interactive system. Due to the short timeframe of this project, this was not 

able to be pursued further; however, the interaction creates interesting systems that would be 

ideal for interaction analysis. Implementing temperature control to this system would greatly 

increase complexity and provide very challenging conditions for plant-wide control to be 

implemented. 
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7.2.2 Model Based Control 

Derivation of a full theoretical model for conductivity processes would provide a unique challenge 

to a student with an interest in chemistry. Complex characteristics such as the effect of 

concentration on conductivity and the effect of temperature on conductivity would be required to 

be understood to develop such a model, but if derived, could be used to develop a simulation or 

implement Generic Model Control. 

7.3 Further Investigate Capabilities of Conductivity Instrumentation 

The digital capabilities of the instrumentation provide the ability for sensors to be used for much 

more than simple conductivity measurements. According to the ‘Memosens, Operating 

Instructions’ document [45], resistance, concentration and TDS values can be supplied by the same 

sensor. Obtaining these values and making them available to end users in Station would further 

expand the capabilities of the pilot plant to run a wide variety of experiments, and would 

complement the advanced control strategies mentioned above. 

Advanced configurations regarding temperature compensation of conductivity measurements are 

available. This was not looked into, and current temperature compensation is left as none.  

7.4 Tidy Up Code 

Progress made during this project was strongly inhibited by the structure of control module 

programming. Code was often found to be convoluted and unnecessarily complicated, most likely 

due to the number of students that have worked on the system over the years. It is highly 

recommended that the code is simplified and commented in the next few years before it gets to a 

stage where it becomes too difficult to work on. 
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7.4.1 Warning Light Control Module 

The presence of seemingly unused code from the control modules, WARN_LIGHT and 

WARN_BUZZ, over complicate many of the CM’s, where related tags are connected to switch 

blocks. Confirmation that this code is indeed obsolete and its subsequent removal, is a large task 

but will greatly simplify control module code and increase efficiency for future users. 

7.4.2  Interlock Rationalisation 

Interlocks have been applied to pumps and valves in the pilot plant. Documentation regarding 

these interlocks is scarce and many people are unaware of which specific interlocks have been 

implemented.  

Not all interlocks are required and nuisance trips are common. For example, if CSTR3 level exceeds 

100% for 300s, the needle tank pump will turn off. This often goes unnoticed and creates more 

issues, even though CSTR3 is fitted with an overflow to drain, that poses no risk when the tank is 

too full. A rationalisation project will remove any interlocks not required, provide require 

documentation and preferably provide indication to Station users when an interlock condition has 

been met, increasing ease of use for new users to the pilot plant. 

7.4.3 Maintenance Program 

A maintenance program was developed by Mackay in 2012 [43], but is not currently operational. 

Code exists in control builder, but this requires investigation and research to understand its 

purpose and what is required for it to become operational. 
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8 Conclusion 

The pilot plant at Murdoch is a valuable teaching resource, but as technology advances, the facility 

requires continuous attention and advancements to ensure students are prepared to enter the 

electrical and instrumentation fields. The addition of a Modbus TCP transmitter increases the 

variety of instrumentation and communication methods used in the pilot plant, while the 

implementation of conductivity sensors provides additional process variables available for process 

control experiments. 

The proposed project was to install conductivity sensors, verify correct communications and 

implement feedback control. The purpose of this was to assess if use of conductivity 

instrumentation was viable for use in future coursework. This report outlined the complexities of 

working with the Experion package and the breadth of knowledge required to implement 

successfully working smart instrumentation and develop control strategies with previously unused 

equipment. Working with the Experion system has provided valuable exposure to DCS packages 

and provided valuable skills and experience that can be used when in industry. 

The new additions outlined in this report show that the pilot plant can continue to be a valuable 

resource in exposing students to complex process control problems. The availability of 

conductivity measurements provide a purpose for the dye tank pump and recycle stream and 

combined with the solenoids on the dye and recycle stream, the CSTR system can be configured 

into a number of highly interactive systems. This report outlined many difficulties that are faced 

when implementing control schemes on new systems. Feedback control was implemented on one, 

and two tank conductivity systems, however due to the slow response of the conductivity 

processes and the dye tank’s requirement to be refilled often; it is not considered that multi-tank 

conductivity experiments are viable at this time.  
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10 Additional Tasks 

Working with the Experion system for the duration of the semester provided a comprehensive 

understanding of its configuration and operation. Using this knowledge, a number of small 

changes were made to the system to simplify and enhance operation of the pilot plant. 

10.1 Pressure Transmitter PT669 

Enable history for Steam Supply Pressure Transmitter, PT669.  

Throughout working on this project an understanding of server historical data was required. 

Experience gained by creating test control modules and HMI screens provided knowledge of how 

data was configured to enable historical data.  

Reflecting back to time spent in ENG420 and ENG346 it was realised that issues with displaying 

data from PT669 on trend charts and obtaining historical data could easily be remedied by 

enabling the ‘fast’ and ‘standard’ server history.  

As this had not been enabled, the only way to obtain steam pressure data previously was to obtain 

the real-time data to a trend chart within station. Any changes to the display or changing to 

another station window would cause this data to be lost. While conducting control experiments 

during these units, it was found that visualising the steam pressure gave an understanding of the 

effect that it has on temperature, and furthermore an understanding of why designed controllers 

weren’t performing adequately. It is hoped that enabling the server history for this point 

parameter and adding it to the default trend charts will provide future students easy access to this 

data allowing a faster understanding of one of the disturbances to the temperature systems. 
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10.2 Lamella Tank Level Switches 

Provide HMI indication of Lamella Tank level switches.  

This work had been previously conducted by the previous thesis student, Timothy Meiri [44]. Upon 

consultation with Associate Professor Graeme Cole it is unknown why these updated HMI screens 

were not implemented. Correct operation of the level switches was confirmed and new indicators 

were added to the HMI screens, shown in Figure 11. It was found that the low level indicator was 

not implemented correctly with the Experion Control Module, this was rectified by simply adding a 

‘not’ function block to the Boolean signal and thereby correctly indicating an empty tank when the 

tank had no liquid in it. Previous to this, the high and low level indicators would both display a 

false signal when the tank was empty; not low and not high, logically implying that the tank was 

filled to some point between these indicators.  

 

Figure 67: HMI with Updated Lamella Tank Level Indicators, Empty Tank Shown 
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10.3 Interlock Conditions 

Provide HMI indication of Lamella Tank level switches 

Extensive use of the pilot plant facility was required for successful execution of this project. 

Throughout the course of the semester the product pump would sometimes turn off, often at 

start-up. It was speculated that this was caused by interlocks implemented on the system, but as 

there was little documentation provided regarding interlocks, it could not be confirmed why the 

pump was shutting down. To combat this HMI pages were updated to show the interlock 

conditions; all interlocks related to equipment on a HMI page are shown, conditions detailed and 

an indicator to show if they are active or not. It is recognised from past experience in the pilot 

plant in earlier years that this would be very valuable for students starting out in the pilot plant as 

emergency shutdown of equipment will be understood and equipment not continuously 

attempted to be restarted when there is an active interlock. 

 

Figure 68: Addition of Interlock Indication to HMI   



98 
 

11 Appendices 

Appendix A 

Instrument Calibration Certificate  

  



99 
 

Appendix B  

LabVIEW Code 
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Appendix C 

Conductivity Sensor, E+H Indumax CLS50D Technical Information 

Table 9: Indumax CLS50D Specifications 

Measuring Principle Inductive 
Application Waste water, process 
Measurement range 2µS/cm - 2000 mS/cm 
Measuring principle Inductive conductivity measurement 
Material PEEK (Polyether ether ketone) 
Dimension Electrode:  

outside diameter: approx. 47 mm  
inside diameter: approx. 15 mm 

Process temperature max. 125°C (PEEK) 
Process pressure max. 20 bar (PEEK) 
Ingress protection IP67 
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Appendix D 

Modbus Tables 

Table 10: Honeywell Experion Modbus Start Index Ranges [39] 
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Table 11: E+H Liquiline CM44 Modbus Table Sample [21] 
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Appendix E 

CSTR1 Step Response Model Identification 

 

Figure 69: CSTR1 Conductivity Step Response 
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Figure 71 
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Figure 72 

  ( )  
                

         
 

-25

-20

-15

-10

-5

0

-1,200.00

-1,000.00

-800.00

-600.00

-400.00

-200.00

0.00

0.00 500.00 1000.00 1500.00 2000.00 2500.00 3000.00 3500.00 4000.00

D
ye

 T
an

k 
P

u
m

p
 S

p
e

e
d

 (
%

) 

C
o

n
d

u
ct

iv
it

y 
(µ

S/
cm

) 

Time (s) 

Model Derivation 
Open Loop Step Response 

MV 40 - 20% 

PV Dev. Model MV Dev.

0

5

10

15

20

25

0

200

400

600

800

1000

1200

0.00 500.00 1000.00 1500.00 2000.00 2500.00 3000.00

D
ye

 T
an

k 
P

u
m

p
 S

p
e

e
d

 (
%

) 

C
o

n
d

u
ct

iv
it

y 
(µ

S/
cm

) 

Time (s) 

Model Derivation 
Open Loop Step Response 

MV 20 - 40% 

PV Dev. Model MV Dev.



106 
 

Appendix F 

Experion Simulation 

 

Figure 73: Experion Simulation 
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Appendix G 

Direct Synthesis Controller Design 

Appendix A lists the steps taken to solve for PI controller parameters, using the direct synthesis 

approach with a first order model and first order desired response. Uses the approach outlined in 

Ogunnaikke [40]. 

Gp is the first order approximation of the process  

   
  

     
 

q is the desired first order response 
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Gc is the controller algorithm, calculated as follows: 
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Rearranged to be in the form of a standard PI controller, controller gain and integral time can be 

found: 
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Appendix H 

Process & Instrument Diagrams 

 

Figure 74: Separation Stage Piping & Instrument Diagram 
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Figure 75: CSTR System Piping & Instrument Diagram  
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Appendix I 

Communication Block Diagram 

 

Figure 76: Simplified Pilot Plant Communication Block Diagram 
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