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ABSTRACT 

 

In the industry, conventional Programmable Logic Controllers (PLCs) based on 

microprocessors (µp) or microcontrollers (µc) are widely used for a variety of applications. 

Due to its fixed hardware and serial execution mechanism, PLCs have constraints such as less 

flexibility, poor scanning time, slower speeds, and decreased response for high-speed industrial 

applications. These demerits have caused performance degradation of PLC for various 

applications such as multi-channel speed, direction and position measurement and control, 

multi-axis motion measurement and control, multi-channel time delay and pulse generation 

and others. With the use of Field Programmable Gate Arrays (FPGA), the performance of an 

existing PLC improved in this research. The speed, scanning time, flexibility, resolution, 

linearity, and other aspects of the PLC's performance improved. Various modules for different 

applications are developed to accomplish this objective. First, in comparison to the existing 

PLC-high-speed counter module, a new FPGA-based PLC multi-channel high-speed counter 

module has been presented to improve performance and flexibility. For pulse, position, speed, 

and direction measurement applications, the proposed FPGA-PLC high-speed pulse counter 

and phase counter module improves performance in terms of accuracy, resolution, linearity, 

scanning time, and other. The results and discussion reported that the FPGA-PLC high-speed 

pulse counter and phase counter module has faster scanning time, good linearity, better 

resolution, maximum supporting input frequency, and counting frequency. Second, a new 

FPGA-based PLC multi-channel high-resolution timer module has been developed to boost 

resolution and linearity over the existing PLC timer module. The recommended module is 

useful for high-speed pulse pattern generation, triggering pulses generation, accurate time delay 

generation, and other applications. Furthermore, using a high-resolution timer module and a 

high-speed counter module, a multi-channel high-frequency measurement module has been 

developed. Finally, a multi-channel FPGA-PLC-PWM module has been developed. The 

simulation and experimental results show that the FPGA-PLC-PWM module offers higher 

resolution, accuracy, linearity, faster scanning time, variable duty cycle, and higher supporting 

switching frequency for synchronous and other applications. The LabVIEW-

FPGA is used to developed and simulate the proposed modules and they are dumped and 

tested on the NI-myRIO-1900 FPGA platform. 
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CHAPTER – 1 

INTRODUCTION 
 

This chapter introduce an importance of Programmable Logic Controller (PLC) and Field 

Programmable Gate Array (FPGA) in the industry. It also discusses the advantages, 

applications, and other aspects of existing PLC and FPGA. The motivation behind the proposed 

work reported in details. Finally, this chapter deals with the thesis organization. 

1.1 Introduction 

1.1.1 Overview of programmable logic controller 

Automating factories and controlling industrial processes relies heavily on PLCs. PLCs, which 

are based on microcontroller or microprocessor [1-4], have been widely utilised for 

autonomously operating industrial unit for the past 50 years [5-6]. Automation helps increase 

productivity, prevent errors and increases worker safety by addressing the fast-changing 

dynamics of the market. Manufacturing companies are adopting technology to achieve these 

goals. Automation with PLCs is still the preferred solution for industrial automation, and 

improving the functionality of PLCs will meet the needs of future factories during the modern 

era of production and manufacture [7].  PLCs are used in industry to accomplish a number of 

activities, including data manipulation and communication, as well as binary, sequential, 

arithmetic, logical, timing, and counting. In an industrial setting, Programmable Logic 

Controllers play an important role in automating processes and in expanding production 

capabilities into the future [8]. Modern industrial PLCs are designed to be able to implement 

complex control algorithms through analogue inputs and outputs. Sensors, actuators, and 

communicating interfaces communicate through PLCs, which are equipped with both analog 

and digital signals. Digital innovation has become a significant part of PLC's role in the 

industry since the third industrial revolution. For various control functions, PLCs use integrated 

circuits instead of heavy electromechanical devices. PLCs are highly specialised control 

devices designed to handle real-time control events. They are frequently used in domestic 

automation as well as industrial automation [9].  

Monitoring and controlling electrical power generation and distribution, gas pipeline systems, 

solar tracking systems, wind generation systems, Heating and Air Conditioning (HVAC) 

systems, water management systems and other applications rely on programmable logic 

controllers [10-11]. PLCs based on micro-processors or micro-controllers are being employed 
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in industry for a variety of applications including power electronics, motion control, speed, 

position, acceleration, and others.  

1.1.1.1 Operation of programmable logic controller 

Fig. 1.1 shows a block diagram of a PLC [12]. The Central Processing Unit (CPU) and the 

input/output interface system are the two major elements of a PLC. The CPU contains three 

components such as the processor, power supply, and memory unit. The field devices 

encountered in the machine or employed in the control of a process are physically attached to 

the I/O system. These field devices may be discrete (digital) or analogue (variate 

proportionately) input/output devices, such as limit switches, pressure or temperature or level 

or flow and other sensing switches, push buttons, motor starters, solenoids, lamp etc. The I/O 

interfaces provide the connection between the CPU and the information providers (inputs) and 

controllable devices (outputs).  

 
Fig. 1.1. Block diagram of PLC [12]. 

 
Fig. 1.2. Graphical representation of a PLC scanning operation [12]. 

The graphical representation of PLC scanning operation is present in the fig. 1.2 [12]. The CPU 

completes three processes during its operation. To begin, the "input scan" receives or takes data 

from field devices via input interfaces, and the state of these inputs is temporarily stored in an 
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input image table or memory files. Secondly, the "programme scan" function executes or 

conducts the user control programme stored in the memory system, using the input status from 

the input image file to determine whether or not an output will be energised. The output status 

is written to the output image table or memory files as a result of the results. Finally, "Output 

Scan" writes or updates the output devices via the output interfaces based on the data in the 

output image table. Scanning is the process of sequentially reading the inputs, executing the 

user programme in memory, and updating the outputs. The processor conducts housekeeping 

duties such as internal diagnostics and communications during the "Internal Scan" cycle. 

Checking for mathematical operational faults and checking or performing communication 

operations with its programming device, other PLCs, or other devices attached to its 

communication port or ports are examples of typical diagnostic functions. 

1.1.1.2 Programming languages for programmable logic controller 

PLC vendors are facing rising rivalry as the demand for PLCs grows throughout the sector. 

Many PLC system companies previously employed unique programming languages and 

troubleshooting that were incompatible with others. As a result, the developer must understand 

more than one programming and troubleshooting strategy. The developer may reuse work and 

potentially reduce the amount of retraining [13] if a programming standard provided greater 

uniformity between programmable controllers. Therefore, the IEC 61131 standard was created 

to unite the primary various techniques in order to improve component reuse, compatibility, 

and interoperability among different products. 

The International Electrotechnical Commission (IEC) is a non-profit, non-governmental 

organisation that develops and publishes international standards for all electronics, electrical, 

and related technologies. The IEC 61131-3 standard establishes the syntax and semantics of a 

unified set of PLC programming languages. The five parts of the IEC 61131 standard 

summarise the hardware and programming system requirements for modern PLCs. The 

consisting of five parts of IEC 61131 are part 1 - general information; part 2 - equipment and 

testing requirements; part 3 - programming languages; part 4 – user guidelines; and part 5 – 

communications. The standard covers both common programming principles and innovative 

programming methods for PLCs. IEC 61131-3 not only covers the PLC programming 

languages, but also provides a comprehensive set of principles and recommendations for 

developing PLC projects [14]. The IEC 61131-3 standard specifies a number of programming 

languages that can be used to create industrial control applications that run on PLCs [15-19]. 

The third section, IEC 61131-3, focuses into two types of programming languages: text 
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languages and graphical languages. Instruction List (IL) and Structured Text (ST) are textual 

programming languages, and Ladder Diagram (LD) and Function Block Diagram (FBD) are 

graphical programming languages. Structured text is a high-level language, whereas instruction 

list is a programming language closer to machine code. Text, numbers, and punctuation are 

used in the same way that they are in natural language in instruction lists and structured text. 

A ladder diagram is a form of schematic diagram that shows logic control circuits in industrial 

automation. Ladder diagrams are made up of two vertical power rails and horizontal logic rungs 

that resemble the shape of a ladder. In a ladder diagram, the control logic is included within 

the rungs.  In graphical form, the function block diagram can be used to programme both 

boolean (binary) and arithmetic operations. Graphical languages are used symbols and visual 

relationships to specify instructions. Fig. 1.3 shows a simple example of the LD, FBD, IL, and 

ST programming languages. 

 
 
 

 
 
 
 
 

 
Ladder Digram (LD) 

 
 
 
 
 
 
 
 
 

Function Block Digram (FBD) 
 
FUNCTION E: BOOLEAN 
VAR_INPUT 
     A, B, C, D: BOOLEAN; 
END_INPUT 
LD A 
AND B 
OR C 
ANDN D 
ST E 
END_FUNCTION 

Instruction List (IL) 

 
FUNCTION E: BOOLEAN 
VAR_INPUT 
     A, B, C, D: BOOLEAN; 
END_INPUT 
E:= A AND B OR C AND NOT D; 
END_FUNCTION 
 
 
 

Structure Text (ST) 
Fig. 1.3. Representation of the LD, FBD, IL and ST programming languages. 

1.1.1.3 Advantages of programmable logic controller 

The advantages of using a Programmable Logic Controller are as follows. 

Reduced space: PLCs are fully solid-state devices, making them much smaller than hard-wired 

controllers that depend on electro-mechanical devices. 

Higher life and reliability:   These devices are built to last. Because there are fewer moving 

systems here, the risks of defect/damage are relatively low. 
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Economical: Because the possibility of a defect is relatively low, it might be considered a one-

time investment. PLCs are unquestionably the most cost-effective technologies in this regard. 

The cost of PLC is quickly recovered. 

Energy saving: The average power usage is less than a tenth of that of a relay-based control. 

Ease of maintenance: Error diagnostics with programming unit, modular replacement, easy 

troubleshooting. 

Speed: When compared to hard wire relay logic design, the speed of a PLC is faster. 

Maintenance: Because of its modular design, the PLC requires minimal maintenance. 

Tremendous flexibility: In comparison to relay logic, the PLC has the ability to modify logic 

(or reprogrammable) simply. If any changes need to be made, there is no need to rewire the 

system. It can do various operations such as arithmetic, counting, comparing, and generating 

time delays, and others. It features a fast-processing speed and more flexibility in analogue and 

digital processes. It also allows for "on-line" and "off-line" programming. 

Shorter project time: It is only possible to construct a hardwired control system when the task 

is well defined.  However, the wiring and structure of a PLC are not dependent on the 

description of a control program. 

Easier storage archiving and documentation: In addition, it's compatible with printers, floppy 

disks, Universal Serial Bus (USB), and others. 

1.1.1.4 Applications of programmable logic controller 

Pharmaceutical industries, automotive industries, chemical industries, oil and gas industries, 

food and beverage industries, glass industries, paper industries, power plants, cement 

companies, and others rely on PLCs for their operations. Monitoring and controlling 

automotive assembly lines, monitoring machine tools or equipment, controlling conveyor belt 

and elevator systems, counting parts and products, packing and labelling systems, monitoring 

and controlling process variables, generating, transmitting, and distributing energy in power 

plants, monitoring and detecting fault conditions in smart grid systems, and waste water 

treatment are all examples of where PLCs are used. PLCs are also used in automatic drainage 

control systems, security applications, robotics applications, speed and position control 

applications, frequency and time measurement applications, motion control applications, liquid 

filling systems, timing and counting applications, pulse train generation, delay generation, 
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pulse width modulation pulses generation for driving power electronics driver circuits, and 

many other applications. 

1.1.2 Overview of field programmable gate array 

FPGAs are multi-level programmable logic devices with a general 

-purpose architecture that end users can customize [20]. The FPGA consists of a series of 

programmable logic elements that can be interconnected in a variety of ways. Users can 

program the interconnections between elements, just as they can with a PAL [21].  A FPGA is 

a semiconductor device that can be programmed by the customer or designer after it has been 

manufactured. In a single packaging today, FPGAs can incorporate more than a million logic 

gates and tens of thousands of flip-flops and are capable of implementing a wide range of 

software algorithms. Digital systems are designed using Hardware Description Language 

(HDL) software such as VHSIC Hardware Description Language (VHDL) [22], Verilog, 

SystemC, and Handle C. Rather than writing traditional Boolean logic equations; the designer 

describes the behaviour of the logic circuit using these hardware description languages. VHDL 

or Verilog designs can be simulated and synthesised into actual hardware using a computer-

aided design tool. The author [23] introduces the LabVIEW framework for FPGA 

programming, which is aimed specifically at scientists and engineers. In addition to 

emphasising the benefits of a visual framework and graphical programming language, they 

emphasise the importance of intuitive and precise access to I/O, as well as a rich set of library 

components to allow for reuse. An FPGA is capable of implementing any logical function as 

an ASIC, but for many applications, the ability to modify the functionality after shipping can 

be a real advantage. 

The ability to reconfigure hardware and a parallel mechanism are two main advantages of 

FPGAs. Fig. 1.4 depicts the symmetrical array type architecture of FPGAs. A FPGA consists 

of programmable logic components known as "logic blocks", which are interconnected using 

reconfigurable interconnects similar to one-chip programming breadboards. It is possible to 

configure logic blocks to perform complicated combinational functions, or merely to perform 

logical gates like AND and OR. Memory elements are also included in FPGA logic blocks. 

These memory elements can be flip-flops or bigger memory blocks. Interconnecting wires 

provide direction between logic blocks, allowing the user logic to be implemented and 

switching between interconnects be done through the switch matrix, based on logic 

requirements. The inputs and outputs pads or blocks are used to communicate with the outside 

world through various applications. 
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Fig. 1.4. FPGA symmetrical Array type architecture [21]. 

 
On the market for FPGA development, many different types of programming technologies are 

available, and their differences impact programmable logic architecture significantly. Static 

memory (SRAM) [21-22, 24-27], Erasable Programmable Read Only Memory (EPROM) [21, 

28], Electrically Erasable Programmable Read Only Memory (EEPROM) [21, 26, 29-30], flash 

[21-22, 26, 31], and anti-fuse [21-22, 25-26, 32-35] are some of the approaches that have been 

used in the past. Only the flash, static memory, and anti-fuse types of approaches are commonly 

used in modern FPGAs [36]. Recently, FPGA become more popular due to their parallel 

execution mechanism and reconfigurable hardware structure [37]. 

1.1.2.1 Advantages of field programmable gate array 

FPGA-based systems have a number of advantages over traditional implementations and make 

them attractive in a variety of applications. The flexibility of FPGAs enables practitioners to 

realize system components best-suited to their requirements without excessive reliance on 

manufacturers. Furthermore, the early availability of product prototypes speeds up the 

development cycle of complex systems, and updated hardware can be tested on site, resulting 

in an extremely short time-to-market. 

Better performance: Performance is among the first benefits of FPGA. Because a general CPU 

cannot perform parallel processing, FPGAs have an advantage because they can process and 

calculate in parallel at a quicker rate. A well-designed FPGA can perform any function quicker 
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than a CPU that executes software code sequentially. FPGAs have extra gates as well as wiring 

that make them programmable and flexible. FPGAs are slower than Application Specific 

Integrated Circuits (ASICs) because of this overhead, which comes at a cost. 

Programmability: The fact that FPGAs can be reprogrammed seems to be their most 

significant advantage over other alternatives.  As a result, even after they have been designed 

and implemented to perform a completely different task, FPGAs can be modified, updated, and 

completely changed. Using reprogrammable chips reduces both the effort and cost associated 

with maintaining them for long periods. It is not necessary to replace or redesign old hardware 

when it becomes obsolete; user can simply update the software and program it on-site. 

Furthermore, FPGAs require less board space and can be more energy efficient than discrete 

circuits. FPGAs are more versatile than Complex Programmable Logic Devices (CPLDs) 

because they typically have more logic blocks and configurable interconnects. Unlike ASICs, 

which are fixed once programmed, FPGAs can be reprogrammed at any time at the software 

level. As a result, the FPGA IC can be reconfigured or reusable indefinitely. The FPGA has 

the ability to be configured from a remote location. 

Cost-effective solution:  FPGAs are extremely expensive in the long run because they can be 

reprogrammed multiple times, despite their higher unit costs. This is without a doubt one of 

the benefits of FPGA architecture. They eliminate the need to cover any recurring bug-related 

costs that user may be forced to pay if user choose an ASIC. ASICs also have significant one-

time costs that completely avoided with FPGAs, in addition to the fact that user do not need to 

use any expensive and time-consuming tools to design or customise their FPGA chip. Unlike 

ASIC development, which contains a significant amount of NRE (Non-Recurring Expenses) 

and expensive tools, FPGA development is less expensive due to less expensive tools and no 

NRE.  Ultimately, ASICs tend to be more expensive due to their need to be fully redesigned, 

along with the hardware, if they need to be updated. The FPGA does not share these costs since 

it can be reprogrammed for almost nothing. FPGAs are typically more expensive than 

microprocessors or ASICs up front. Microprocessors have a lesser unit price and an increased 

production volume. An FPGA, on either hand, can be reconfigured for various tasks again and 

again, saving money by avoiding recurring costs. 

Massively parallel task performance:  It is uncommon to find time-critical applications that 

use sequential-processing chips. FPGAs can process data in parallel by incorporating multiple 

blocks. Hence, it can deal with much more scalability and time-critical data processing than 

ASICs and MCUs.  
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Prototyping: Re-programmability and reusability are two benefits of FPGAs, as previously 

stated. This makes them ideal for prototyping, particularly for ASIC validation. In the case that 

user need to modify an ASIC, user will have to spend considerable time and money in 

redesigning it since ASICs are difficult and expensive to produce. The re-programmability of 

FPGAs makes it possible to experiment and determine the best configuration for each chip by 

manipulating the programming. After prototyping and determining the most cost-effective 

solution, the FPGA converted into an ASIC. 

Long-term availability: Because the feature is not in the module itself, although in the 

configuration, using FPGAs allows user to be independent of component suppliers or 

manufacturer. This can be configured in such a way that it could be carried out on a variety of 

FPGAs without requiring any modifications. 

Short time to market:  Amongst the most significant benefits of FPGAs is that they allow user 

to complete the development of their product in a quite short period, resulting in a shorter time 

to market. FPGA design tools are simple to use and do not have a high level of complexity. 

Furthermore, FPGAs designed with help of a hardware description language known as HDL. 

The use of HDL code, such as VHDL or Verilog, both accelerates and simplifies the design 

process. FPGAs can be quickly reconfigured at the software level to verify and evaluate the 

design in the laboratory. Modifications can be made quickly, allowing for bug fixes in a narrow 

cycle time. Due to the design of IP cores is a part of the hardware design, using FPGAs speeds 

up prototype development significantly. During this process, time-consuming activities such 

as commissioning and troubleshooting performed concurrently with development. 

Simpler design cycles: FPGAs have shorter design cycles than ASICs, which means the design 

tools handle the majority of the work, such as placement, routing, and timing, according to the 

specifications set by user. As a result, converting the programme code into a downloadable 

design requires almost no manual intervention. If the design fails to meet expectations, a fresh 

downloadable code can be created in a short span of time, making the whole thing design 

process simple and quick.   

Adaptability:  FPGAs' re-programmability allows user to adapt and reconfigure at the customer 

level rather than having to reconstruct the product every time user need to reform. User can 

update and adapt the product to the needs of the customer even after it has been finalised, 

developed, and delivered. 
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Acceleration of software: Software implementations with quick processing units are frequently 

used to solve complicated tasks. FPGAs are a cost-effective option to processor-based 

solutions, providing a significant performance gain through parallelization and application 

adaptation. 

Real time application: Due to their more powerful computational architecture, FPGAs are ideal 

for time-critical systems, as previously stated. As a result, they are perfect for real world 

applications because they can process so much data in a shorter amount of time than other 

options on the market. FPGAs, in comparison to software-based solutions with real-time 

applications, can achieve truly deterministic behaviour. Even complex calculations can be 

completed in a relatively short duration of time due to the flexibility provided. 

System on Chip: In terms of gate count, FPGAs have grown in size since the 1990s. This 

allowed for the inclusion of CPU cores in the FPGA, ranging from a single core to a large 

number of cores, as well as specialized hardware code. FPGAs can be used as system on chips 

by merging CPU cores and hardware code on a single chip. 

  
1.1.2.2 Applications of field programmable gate array 

FPGAs have experienced rapid growth in recent years due to their suitability for a wide range 

of applications. Recently, the demand for developing reconfigurable embedded systems for 

space compatible instrumentations has increased due to evolution in the technology and user 

requirements. Often these systems include interdisciplinary applications domains such as 

signal processing, military applications, control system applications, aero-space applications, 

power electronics applications, wireless communication, multimedia, evolutionary 

computation and medical applications etc. Performing these computations using embedded 

processors alone, cannot achieve the desired computational capability to fulfil the requirements 

of parallel mechanism, higher memory bandwidth, cost effectiveness along with lower power 

consumption, and smaller scan time with higher processing speed and flexibility. In order to 

meet these requirements, FPGAs are used by exploiting the reconfigurable resources by 

implementing the different algorithms in parallel or pipelined fashion using VHDL or Verilog 

and other languages. The FPGA application of various fields like aerospace and defence, audio, 

automotive, broadcast, bioinformatics, bio-medical, video and image processing, consumer 

electronics, data center, high performance computing, integrated circuit design, industrial, 

security, scientific instruments, wire communications and others are presented in the fig. 1.5. 
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Fig. 1.5. Applications of FPGA in various fields.  

1.2 Motivation 

For many years, automation engineers have chosen PLCs because of their speed, reliability, 

and ability to implement logical and control algorithms. PLCs are widely used in a variety of 

industrial applications for monitoring and controlling various tasks. With the addition of 

advanced sensors and actuators, a wide range of everyday tasks, complex control mechanisms, 

and advanced calculations have become more complex. Manufacturers and users of 

programmable logic controllers face a variety of challenges, including the need for applications 

to be scalable, flexible, and high-performance while consuming less power. They also 

experience slower scanning times due to sequential scanning behaviour of the traditionally 

designed micro-processors or microcontroller based PLC, which is greatly impacted when 

performing high-speed and multi-tasking applications. Furthermore, they demanded that 

existing modules be improved in terms of speed, numbers of inputs/outputs, faster scanning 

time, higher resolution, quick availability, shorter time to market, safe enterprise connectivity, 

good user interface and others. Converging the development approaches of the software and 

hardware teams remains a challenge. Productivity and time-to-market goals are impacted. The 

modern manufacturing automation environment in Industry 4.0 requires high-performance 
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PLCs that have faster speed, compactness, flexibility, and scalability, as well as safe enterprise 

connectivity, human machine interfaces (HMI), and other features [68]. It is evident that 

traditional microprocessor or microcontroller-based PLCs are unable to match the performance 

requirements of many applications and require a technology boost or upgrade [38]. FPGAs can 

provide this upgrade by providing cost-effective, high-speed, and reconfigurable solutions [39-

44]. A summary of the state-of-the-art of FPGA-based design for industrial applications can be 

found in the papers [43-44]. Many industrial applications prefer FPGAs due to their high speed, 

flexibility, and the ability to take advantage of the inherent parallelism of many systems and 

algorithms. In addition to their short time-to-market, good cost-performance ratio, large 

number of embedded resources, and specialized Intellectual Property (IP) cores, FPGAs are 

the preferred implementation platform for a various industrial application. [39].  

All types of industrial control systems can be implemented with help of FPGAs, including 

analog process control systems, discrete logic systems, batch control systems, and so on. In 

spite of this, FPGA-based control systems differ from processor-based systems in a number of 

significant ways. A processor-based system is constantly at risk of time-critical tasks pre-

empting each other or overwhelming the processor due to the fact that one instruction can only 

be executed at a time for each core. The FPGA, on the other hand, processes commands using 

dedicated hardware. With FPGA logic, processing operations run in a truly parallel manner, 

which eliminates resource competition between them. Due to this, additional processing does 

not affect the performance of one part of the application. Furthermore, multiple control loops 

can be run at different rates on the same FPGA device.  For example, user could simultaneously 

control a d.c. motor running at 25 kHz at a PI/PID loop, monitor machine health at 50 kHz 

through an accelerometer, operate solenoids valve at ten Hz with help of the same FPGA 

hardware. The parallel nature of these operations makes them completely independent within 

the FPGA fabric.  

Researchers have continually improved the performance of PLCs with the use of FPGAs over 

the last two decades. In contrast, some researchers were given an outline of open problems and 

directions for future research. A number of future goals are discussed in [48-49] including 

developing high-speed PLC counters based on FPGAs and high-resolution PLC timers. The 

authors proposed that future research should implement complex functions such as logarithms, 

exponents, and trigonometric into ALUs. A future direction, as defined in [67], is the 

development of PWM module algorithms with faster execution time and lower power 

consumption. In order to maximize the efficiency of PLC control functions, multitasking 
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system frameworks and strict scan cycle control are essential [70]. A high-resolution, high-

frequency DPWM should be considered when digitally controlled high-frequency power 

supplies are implemented [147]. 

However, there are a number of problems that need to be addressed in the FPGA-based PLC. 

Enhancement of existing PLC or FPGA-PLC modules (such as counters, timers, PWM, 

frequency, analog, communications, and others), device utilization of FPGA resources, 

implementation of complex instructions, and other challenges are among them.  As a result, an 

FPGA-based PLC combined scheme is proposed to improve the performance and functionality 

of existing PLC modules. 

1.3 Thesis organization 

The thesis is organised as follows: 

 Chapter 1: This chapter briefly discusses the importance of PLCs and FPGAs in the 

industry. It also discusses the advantages, applications, and other characteristics of current 

PLC and FPGA systems. The motivation of the proposed work is reported in detail. 

 Chapter 2: This chapter discusses previous research on PLC and FPGA-based PLC. It 

also covers the definition of the problem, the research work's objectives and scope, the 

thesis contribution, and the research methodology used to conclude the research work.  

 Chapter 3: The proposed FPGA-PLC high-speed counter, which is used for single-

channel and/or multi-channel pulse count measurement, is described in this chapter. A 9-

channel high-speed counters module is implemented on the NI-myRIO-1900 FPGA 

platform. The simulation and device utilization results are presented in this chapter. A 

comparison of the proposed module's performance to that of existing modules is presented.   

 Chapter 4: This chapter describes the architecture of the proposed FPGA-PLC high-speed 

phase counter, which can be used for multi-channel pulse count, speed, direction and 

position measurement application. A multi-channel PLC high-speed phase counters 

module is implemented on the NI-myRIO-1900 FPGA platform. This module is used to 

count the rising and/or falling edges of phase signals with 1X, 2X, and 4X resolution. This 

chapter also presents the simulation and experimental results. The comparative 

performance analysis of the proposed module with the existing modules are reported.   

 Chapter 5: This chapter describes the architecture of the proposed FPGA-PLC high-

resolution timer module, which can be used for various measurement and control 

applications. The proposed module is implemented on the NI-myRIO-1900 FPGA 
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platform. Various timer modules with different resolution facility are developed, simulated 

and tested.   

 Chapter 6: The proposed FPGA-PLC high-speed multiple-channel frequency 

measurement module, which can be used for various frequency measurement applications, 

is described in this chapter. On the NI-myRIO-1900 FPGA platform, the proposed module 

is implemented. The proposed module measured frequencies up to 20MHz in multi-

channel applications. 

 Chapter 7: This chapter describes the proposed FPGA-PLC-DPWM, which is used for a 

multi-channel pulse width modulation signal generation. The FPGA-PLC-DPWM module 

is developed, simulated, and experimentally tested on the NI-myRIO-1900 FPGA 

hardware for multi-channel interface. The proposed module offers better resolution, 

accuracy, linearity, execution time, variable duty cycle, and higher supporting switching 

frequency. The proposed module can be useful for various power electronic applications 

for generation of high-resolution based firing pulses or driving pulses or triggering pulses 

and other. 

 Chapter 8: This chapter contains the concluding remarks as well as the future scope. 
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CHAPTER – 2 

LITERATURE REVIEW AND                             
OBJECTIVE OF WORK  

 
Previously published research on PLC and FPGA-based PLC are discussed in this chapter. 

Furthermore, it provides definitions of the problem, objectives and scope of the research work, 

contribution of the thesis, and research methodology. 

2.1 Literature review 

The first chapter provided an overview of the PLC and FPGA technologies, including their 

benefits, drawbacks, and applications. It also goes over how PLCs are used in industry for a 

variety of tasks such as power electronics, motion control, speed, position, acceleration, and 

others. Despite the importance of PLCs in industry automation in the twentieth and twenty-

first centuries, improvements in PLC performance have gotten little attention. Nonetheless, 

there are significant contributions in this topic in the literature, and the most notable ones are 

summarised in this section. PLC research has made significant progress in improving industrial 

productivity and efficiency, resulting in favourable outcomes.  

Power supply module, analogue inputs and outputs module, digital inputs and outputs module, 

counters module, timer module, data acquisition module, memory module, positioning module, 

temperature module, servo control module, redundancy module, communication module, and 

others are among the various modules found in existing PLCs. Furthermore, because of the 

serial mechanism, traditional microprocessor or microcontroller-based PLCs are unable to 

match the performance requirements of many applications and require a technology boost or 

upgrade [38]. For this upgrade, the cost-effective, high-speed, and reconfigurable FPGA 

architecture proposed in [39-44] can be used. The state-of-the-art of FPGA-based design for 

industrial applications is summarised in the [43-44] paper. Due to their high-speed and 

flexibility, as well as their ability to take advantage of the inherent parallelism of many systems 

and algorithms, short time-to-market, good cost-performance trade-off, large number of 

embedded resources, and availability of specialised Intellectual Property (IP) cores, FPGAs are 

the preferred implementation platform in many industrial applications [39]. Since their 

invention three decades ago, FPGAs have been used in many applications across various fields 

[40]. The high degree of re-configurability of FPGAs enables them to offer shorter 

development cycles and lower development costs than custom-designed semiconductors. 
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FPGA architecture consists of a variety of design decisions, ranging from high-level 

architectural details to transistor-level implementation details, all designed to create a highly 

programmable device with a minimal area and performance cost. FPGA architecture has a large 

impact on the speed performance, area efficiency, and power consumption of the device [41]. 

Modern FPGAs can have over one million equivalent logical gates and 10,000 flip-flops in a 

single device, allowing them to support a wide range of software algorithms. On FPGA 

platforms, HDL languages such as VHDL [45], Verilog, and others are utilised to create a 

virtual framework. The LabVIEW framework for FPGA programming is presented by the 

authors in [46], which is aimed at scientists and engineers. 

In [47-49] the focus is the evaluation of the ladder program of the PLCs and the organization 

of its sequential and parallel structure using hardware description language inside the FPGA. 

In total, the researchers developed twelve PLC components, including moving, adding, 

subtracting, ANDing, ORing, shifting left, shifting right, rotating left, rotating right, comparing 

equal, comparing greater, and comparing less.  

In order to get a performance increase through scan time reduction, the research published in 

[50] improves unique design ideas based on data flow machines, circuit simulation theory, and 

the memorization approach. Transformation of the Cycle Accurate Simulator (CAS) simulator 

to real-world hardware in an FPGA or possibly as an ASIC is a future priority task of the 

research as a step toward restoring PLC devices to their original role as central processing units 

in automation technology contexts [50]. Using the FPGA, an approach to implementing a 

microPLC is described in [51]. Several instructions are demonstrated, including timers that 

function ON and OFF, counters that count up or down, ANDs, ORs, NOTs, additions, 

subtractions, and compares. A PLC function block based on the IEC 61131-3 standard was 

implemented in FPGAs in [52]. An FPGA based on a Virtex-4 based Central Processing Unit 

(CPU) is presented in the paper [53] for the design and development of PLCs. As part of the 

demonstration, authors demonstrated timers (ON delay timer, retentive ON delay timer, and 

OFF delay timer with various resolution of 1ms, 10ms, 100ms, and 1s), counters (up counter, 

down counter, and bi-directional counter), and others. The authors of a paper [54] presented a 

PLC design mechanism compatible with the EN 61131-3 standard for FPGA systems. An 

FPGA is used to develop the central processing unit and the Arithmetic and Logical Unit (ALU) 

for PLCs. Various ALU instructions can be performed, including basic logical operations 

(AND, OR, XOR), comparisons (equal, not equal, greater than, less than, greater than equal, 

lower than equal), the four basic operations of mathematics (addition, subtraction, 

multiplication, and division), and shifting and rotation operations. A number of hardware 
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modules were developed by the authors. These included timers (ON delay timer, time pulse, 

and OFF delay timer with 1ms resolution) and counters (set counter, reset counter, up counter, 

and down counter).  

In recent years, a number of researchers have developed various algorithms for converting PLC 

programming (ladder diagrams, instruction lists, sequential function charts, and more) to 

suitable FPGA code (VHDL, Verilog, and others) [55-57]. In [58], the authors introduce a 

collection of algorithms that can be used in FPGA-based PLCs to synthesize ladder diagrams 

and instruction lists. Additionally, in [59], the authors developed algorithms for synthesizing 

ladder diagrams or sequence function charts based on PLCs programs on FPGA systems. Using 

the IEC 61131-3 instruction list language, the authors in [60] addressed implementing the 

central processing unit for PLCs on the FPGA. In the same way, FPGA implementations of 

industrial logic are described in [61] with the support of functional block diagram language. 

Authors of a paper presented a method for developing multiprocessor PLCs inside the FPGA 

that utilized program-based and hardware-coded approaches [62]. According to [63], an 

algorithm was presented for generating ladder logic diagrams for boolean expressions in 

VHDL. 

The authors in [64], provides an overview of the current state of the practise, explains why PLC 

technology continues to be used in industry, and provides a critical assessment of the strengths 

and shortcomings of the most common programming styles used in today's PLC-based 

automation systems. They also explain the software execution patterns that are informally 

specified in IEC 61131-3 and look for ways to make changes that will allow for more 

complicated industrial automation applications while also improving safety and reliability. In 

[65], the authors developed an algorithm for converting ladder logic to VHDL for use in FPGA-

based PLC architecture. A method was developed in [66] for converting ladder logic into 

Verilog for the implementation of FPGA-based PLC architectures. In [67], the author proposes 

a RISC-V-based architecture for PLC implementation on FPGA. This architecture uses the 

simplicity and efficiency of FPGAs to create a PLC that supports Industry 4.0. The hardware 

blocks for I/O peripherals, timers, and PWMs were introduced by the author in [67].  

2.2 Definition of the problem  

Industry 4.0's modern manufacturing automation environment demands high-performance 

PLCs that have faster speed, compact, flexible and scalable design, safe enterprise connectivity, 

Human Machine Interface (HMI) and other facility [68]. 

The following are some of the major challenges that programmable logic controller designers 

face today: 
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 Demand for faster scanning time: PLCs are traditionally designed with micro-processors 

or micro-controllers. In a cyclic scan period, the micro-processor or micro-controller executes 

the ladder diagram or other language sequentially. Therefore, the cyclic scan period determines 

the PLC's performance, which depends on the length of the user program, the number of inputs 

and outputs, and the processing speed of the microprocessor or microcontroller. A PLC can 

also be known as a programmable controller or a sequential processor and is used to initiate 

and control the flow of operations in a real-time environment in a commercial or industrial 

environment. There has been a growing realization in recent years that conventional PLC 

designs are not powerful enough to meet the performance needs of certain real-time 

applications, thus indicating that microcontroller-based PLCs require an upgrade. 

 Performance control and speed of response: The control algorithms used by modern 

PLCs are designed to take advantage of analog as well as digital inputs and outputs. As part of 

the third industrial revolution, PLCs were an important part of digitalization in the industry. To 

perform various control functions, PLCs use integrated circuits instead of large and heavy 

electromechanical devices. Recently introduced PLC innovations have made significant 

progress in improving the productivity and efficiency of production environments, leading 

ultimately to preferred results. In spite of this, it has been noted numerous times that the 

traditional micro-processor or micro-controller-based PLCs lack the performance capabilities 

required for many applications (for example, high-speed multitasking applications or multi-

loop applications) due to their sequential technology. In modern smart manufacturing units, 

programmable logic controllers are needed to process simple and complex instructions, to 

support service interruptions, and to support integrated HMI with faster speeds than ever 

before. 

 Demand for scalable and flexible solution with time to market requirement: The 

development of new technical standards is accelerating and becoming more complex. Because 

the time-to-market requirement for new products is short, development must be postponed until 

the new standards are stable. By making use of flexible processor cores, hardware design 

becomes simpler and more affordable. A flexible processor can also be programmable, which 

means a shorter software development cycle and a greater chance for reuse. It is possible to 

repair or upgrade flexible hardware products after they are already in use. Flexible equipment 

expansion or upgrades are possible with increased flexibility. The technological requirements 

in the industry are increasing day by day as acceptance grows. As a result, the designer or 
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customer will need to modify the current fixed-hardware PLC setup in terms of inputs/outputs, 

hardware and/or software algorithms, and other factors. 

 Convergence of software and hardware development: Because of technological 

advancements and industrial demands for high-speed performance, modifications in hardware 

and software platforms are required. As a result, combining the development methodologies of 

software and hardware teams remains a problem that has an impact on productivity and time-

to-market targets. Design cycles are becoming longer. 

 Improvement of resolution of timer modules: The existing PLC have the various timer 

modules with resolution range of 100µs to 1second. Precision and accuracy in time delay 

generation, pulse pattern generation, triggering pulse generation, and other areas need to be 

improved in these medium timer resolution PLC modules. In these medium resolution PLC 

timer modules, precision and accuracy in time delay creation, pulse pattern generation, 

triggering pulse generation, and other areas need to be enhanced. It can also be used to generate 

a high-resolution periodic interrupt signal to a processing unit or a one-shot interrupt signal 

after a defined time delay. 

 Improvement of high-speed counter modules: Modules of the high-speed counter 

family can accept high-speed pulse-type input signals for counting or timing applications, and 

provide high-speed pulse-type output signals for discrete control applications, such as stepper 

motor control, d.c. motor control, alarms control, motion control and other. PLCs are equipped 

with high-speed counter modules and can be used for measuring and controlling a variety of 

applications including speed, direction, and position. Digital encoders and other types of 

sensors are typically used in conjunction with PLCs in these types of applications. The Existing 

PLCs are useful for measurement of medium input counting frequency with range of less than 

1MHz. In multitasking and/or multi-channel high-speed applications, existing PLCs are not 

equipped to perform accurate and/or precision measurements of a wide range of input 

frequencies and counting frequencies due to their serial execution mechanism. Existing PLCs 

required high-resolution, fast scanning, better flexibility, better linearity, and fast speed from 

their HSC modules for a variety of applications. 

 Range, accuracy and resolution of pulse width modulation modules: An existing 

Programmable Logic Controller includes a pulse width modulation (PWM) module, which can 

be adjusted for frequency and duty cycle. It is widely used to drive induction motors, d.c. 

motors, servo motors, hydraulic or pneumatic valves, actuators, and other. PWM is the 

foundation of control in power electronics and has proven to be successful in controlling 
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modern semiconductor power devices. PWM signals are widely used in power electronic 

applications for generation of firing pulses or driving pulses or triggering pulses or pattern 

pulses. PWM signals are used to control DC-DC converters, DC to AC inverters, Buck and 

Boost converter, single-phase inverters, multi-phase inverters, voltage-source inverters, 

multilevel inverters, and other electronic devices. For precise and faster driving applications, 

the customers requirement are increases in form of high-speed, high-resolution, multi-phase 

with high linearity, higher accuracy, simple configuration, fast response, low power dissipation 

and power consumption, faster switching frequency, low execution time, multitasking 

operation, the ability to control multi-switching operation simultaneously and other. Because 

of their sequential mechanism, the existing PLC PWM modules of PLC are not capable of 

achieving the future described above. 

 Connectivity: Providing deterministic connectivity for machines on a factory floor 

requires support for multiple industrial Ethernet protocols (such as IEEE 802.1 TSN, a 

standard-based deterministic Ethernet protocol that has recently emerged) within a single PLC. 

OPC-UA is a framework for application interoperability required for enterprise connectivity. 

 Secure communications: Industrial control systems that are tied into the enterprise and 

outside the factory network are susceptible to cyber-attacks, which makes security a serious 

concern. 

 For safety-PLCs, functional safety certification is challenging and takes a long time: 

 Future proofing: Due to the constantly changing nature of connectivity and 

interoperability, the market's requirements change more frequently, resulting in software and 

hardware changes. Additionally, the challenges from the pre-Industry 4.0 period remain, 

including scalability, functional safety, power consumption, footprint, and software investment 

protection. 

The PLC has become a key element in industrial control system. Normally, PLCs consist of 

circuitry that detects inputs and produces control signals, along with a CPU that produces the 

signals needed to implement control algorithm in industrial system [69]. This control is carried 

out using the CPU with help of setting timers, counters, applying mathematical operators, 

monitoring internal state, and processing analog and digital input signals. The ladder diagram 

or other program length, numbers of inputs/outputs and microprocessor speed of traditional 

PLCs will limit their performance. A scan cycle involves phases for controlling the system and 

executing the program. It is directly affected by the speed of the execution of the PLC 

instructions, the user program, counter instructions, timer instructions, jump instructions, and 
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so on during the execution of the user program [70]. A number of changes accompanying 

Industry 4.0 have led to the need for programmable logic controllers to perform at higher levels 

due to increased fast communication with wider covering range, fast and secure automation, 

self-monitoring, the production of smart machines and other. The FPGA has the advantage of 

support for parallel execution and hardware configuration at high-speeds.  

Literature review discussed that, a worldwide many researchers were worked on FPGA based 

PLC implementation. The researcher developed various algorithm for conversion of PLC based 

programming languages to FPGA based programming languages. They also developed various 

modules for existing PLC function enhancement. The authors in [53] demonstrated a 1ms to 

1sec resolution based ON delay timer, retentive ON delay timer, and OFF delay timer, as well 

as an up counter, down counter, and bi-directional counter. Similarly, authors in [54] provide 

ON delay timers, time pulses, and OFF delay timers with a resolution of 1ms, and set counters, 

reset counters, up counters, and down counters.  

The performance of PLCs has been continuously improved by researchers over the last two 

decades with the use of FPGAs. However, some researchers were given a list of open problems 

and future research directions. In [48-49] the authors reported various future goals such as the 

development of high-resolution PLC timers and high-speed PLC counters based on FPGA 

hardware. In [54], the authors proposed future research implementation of complex functions 

like logarithms, exponents, and trigonometric within the ALU. As defined in [67], a future 

direction is development of PWM module algorithm with faster execution time and lower 

power consumption. Multitasking system frameworks and strict control of scan cycles are both 

essential for maximizing the efficiency of PLC control functions [70]. 

However, there are various challenges that need to be addressed in the FPGA based PLC. A 

few challenges of them are enhancement of existing PLC or FPGA-PLC modules (such as 

counters, timers, PWM, frequency, analog, communications and other), device utilisation of 

FPGA resources, implementation of complex instructions, and other.   

Today's industries face difficult challenges when it comes to high-speed and accurate control. 

The challenge of achieving high-speed control becomes more and more crucial as a result. 

Increasing control logic execution speed is an important part of solving PLC's current 

problems. It is becoming increasingly necessary to have a large number of fast counters 

available in modern PLC applications. It is often used to count the number of manufactured or 

packaged small components (surface mounted components such as diodes, resistors, 
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capacitors, inductors and other) or pharmaceutical products. Increasing the PLC's performance 

means reducing the entire program cycle, which in turn reduces the execution time of a counter 

operation. The existing PLC or FPGA-PLCs counter module includes up counter, down counter 

and up and down counters for counting applications. A speed improvement of the existing 

PLCs or FPGA-PLCs counter module can be necessary for multitasking, multichannel and fast 

accurate count measurement applications. It can be essential to implement more types of 

counters, to speed up scanning, and to measure at high-speed with better accuracy.  

In similar fashion, the PLC high-speed phase counter modules can be used to measure pules, 

speed, position, and direction applications. Due to slow measuring range and sequential 

execution, a PLC phase counter cannot suitable for multi-channel accurate position 

measurement or fast speed measurement applications. Implementing a high-speed phase 

counter with faster scanning and measuring at high-speed with greater accuracy can be 

essential.   

The existing PLC timer module and FPGA based PLC timer module have resolution range of 

100µs to 1sec and it can be used for various industrial applications. The existing timer modules 

are not suitable for precise triggering pulses generation or delay pulses generation application. 

Mostly, in machine vision applications, high accurate delay pulses and triggering pulses are 

required for actuating various device. Cameras, lighting, and reject gates need to be activated 

within precise timing when automated machine vision production line inspection solutions can 

be deployed. Timing accuracy and repeatability can be critical in machine vision. Multichannel 

precise pulse triggering can be required for synchronising applications. In order to achieve 

greater accuracy and faster scanning, development of high-resolution timers can be necessary 

for multichannel control application. 

A frequency measurement module based on a PLC is used to measure frequency. The 

measurement accuracy of a frequency counter or interval timer is more difficult to determine 

because it depends on a variety of factors. When performing various types of measurements, 

there are several types of measurement errors that can occur, some of which affect the counter 

timer. Therefore, it can be necessary to improve the frequency measurement module's accuracy, 

linearity, scanning time, and other parameters. 

PWM signals are widely used to control power electronic devices. To accomplish precise and 

faster driving applications, customers demand accurate generation of pulse width of PWM 

signal with faster output switching frequency, higher resolution, low power dissipation and 
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consumption, faster execution time, faster rise and fall time of signal and other. A high-

resolution and high-frequency DPWM is essential for implementing digitally controlled high-

frequency power supplies [147]. Controlling multiple loops with the same or different 

frequency rate with accurate duty cycle range control can be crucial for multitasking 

applications. Similarly, for precise multiple switching operations simultaneously are crucial. A 

faster output switching frequency and precise duty cycle range control can be achieved through 

the improvement of existing PWM modules. Higher resolution, faster scanning time, rise time, 

and fall time can also be achieved. 

Other research direction can be development of complex instructions such as a logarithms, 

exponents, and trigonometric functions. Another area of study for the researcher is an 

implementation of various control algorithm of PLC inside FPGA with better steady state and 

transient response. The researcher also explores ways to improve the utilization of FPGA 

devices in terms of slice registers, slice LUTs, block RAMs, and others. 

2.3 Objectives and scope of the work 

As a result of the discussion and literature review above, a research gap has been identified, 

and the following objectives are set forth for this study: 

I. A new methodology will be propose based on the multi-channel FPGA-PLC high-speed 

pulse and phase counter module that enhances performance and flexibility for pulse, speed, 

position and direction measurement applications. A proposed module will work faster with less 

scanning time and flexible as compared to the conventional PLC module. 

II. To introduce multi-channel, high-resolution timer module of PLC on reconfigurable 

FPGA platform. 

III. A new architecture will be propose based on the multi-channel FPGA-PLC-DPWM 

module that offers better resolution, accuracy, linearity, execution time, variable duty cycle, 

and higher supporting switching frequency. 

IV. To develop multi-channel FPGA-PLC based frequency measurement module in term of 

better accuracy and linearity, faster speed, lesser scanning time and other. 

V. To develop complex arithmetic and logical instructions, such as logarithms, exponents, 

and trigonometric functions. 

VI. To implement various control algorithm of PLC inside FPGA with better steady state and 

transient response. 

VII. To improve the device utilization of FPGA in terms of slice registers, slice LUTs, block 

RAMs, and others. 
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2.4 Thesis contribution 

This thesis claims the following key contributions after performing a thorough literature review 

and research: 

I. The main contribution of the chapter no. 3 of the thesis is to develop the various high-

speed counters (total forty-five counters, among them thirty-eight counters for 1-phase 1-input, 

seven counters for 1-phase 2-inputs) for PLC. The fast counters are implemented in FPGA 

logic devices as separate module. Similarly, a multi-channel FPGA-PLC high-speed counter 

module is proposed and it is used for higher frequency pulses measurement application. It can 

be used to count the number of manufactured or packaged small components (surface mounted 

components such as diodes, resistors, capacitors, inductors and other) or pharmaceutical 

products. In multi-channel HSC module, each channel support total thirty-six counters 

selection. The proposed multi-channel HSC module is simulated with help of LabVIEW FPGA 

and it is dumped on the NI-myRIO-1900 FPGA platform. The device utilization of FPGA is 

summarized with respect to NI-myRIO-1900 FPGA platform. The LabVIEW based GUI is 

developed for proposed multi-channel HSC module and used to provide better user interface 

to monitor and control various counters selection and its values.  

II. The main contribution of the chapter no. 4 of the thesis is to develop fast and accurate 

2-phases 2-inputs counters with 1X, 2X and 4X resolution for PLC. The multi-channel FPGA-

PLC phase counter module is proposed to measure position and direction. The proposed 

module is simulated with help of LabVIEW FPGA and experimentally tested on the Quanser 

d.c. motor encoder kit with help of NI-myRIO-1900 FPGA platform and the device utilization 

of FPGA is summarized. The proposed module can be used for pulse and speed measurement 

application. The comparative performance analysis of the proposed module with the existing 

modules are reported.  

III. The main contribution of the chapter no. 5 of the thesis is to develop multi-channel 

FPGA-PLC high-resolution timer module, which can be used for a various measurement and 

control applications. The proposed FPGA-PLC high-resolution timer module is developed and 

simulated in LabVIEW-FPGA based programming language and loaded into the NI-myRIO-

1900 FPGA platform. The present work relates to implementation of TON and TOFF timer 

modules, RTON (Retentive TON) and RTOFF (Retentive TOFF) timer module, Pulse timer 

and Oscillating timer module of PLC. Various timer modules with medium resolution (1ms, 

10ms, 100ms, and 1000ms) and high-resolution (50ns, 100ns, 1µs, 10µs, and 100µs) 

capabilities are developed, simulated, and tested. This module can be used to generate high-

resolution time delay pulses, square wave and precise triggering pulse generation, high-speed 
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patten pulse generation and other. It can also be used to send a periodic interrupt signal to a 

processing unit or a one-shot interrupt signal with higher resolution after a predetermined time 

delay. It can be used for duration measurement and interval measurement applications. The 

proposed module enhances the performance and flexibility in term of multiple channels, better 

resolution, faster scanning time, precise time delay generation. The FPGA device utilisation is 

reported with respect to the NI-myRIO-1900 FPGA platform. The LabVIEW-GUI is developed 

for the proposed multi-channel high-resolution timer module and it is utilised to give a better 

user interface for monitoring and controlling the selection and values of various timer time 

delay. With the help of simulation results and comparison analysis, the proposed FPGA-PLC 

high-resolution timer module provide a shorter scanning time (25ns), more linearity, and better 

resolution.  

IV. The main contribution of the chapter no. 6 of the thesis is to develop multi-channel 

FPGA-PLC-FREQUENCY measurement module and it can be used for various frequency 

measurement applications. The proposed FPGA-PLC-DPWM is developed, simulated, and 

experimentally tested on the NI-myRIO-1900 FPGA platform. The proposed FPGA-PLC-

FREQUENCY module is developed using a timer module with various resolutions and a 

counter module with high-speed. The timer modules have medium resolution capabilities such 

as 1ms, 10ms, 100ms, and 1000ms, as well as high-resolution capabilities such as 50ns, 100ns, 

1µs, 10µs, and 100µs. The high-speed counter module is capable for measurement of 20MHz 

input pulses edges and update its counts accordingly. The LabVIEW-GUI is developed for the 

proposed multi-channel frequency measurement module and it is used to provide a better user 

interface for monitoring and controlling the selection and values of various timers and counters. 

With the help of simulation results, experimental results and comparison analysis reported, the 

proposed FPGA-PLC-FREQUENCY measurement module enhance the performance and 

flexibility in term of multiple channels, accurate frequency measurement, faster scanning time 

and other. The device utilization of FPGA is summarized with respect to NI-myRIO-1900 

FPGA platform. 

V. The main contribution of the chapter no. 7 of the thesis is to develop high resolution 

FPGA-PLC-DPWM module. For the single channel and multi-channel interface, the FPGA-

PLC-DPWM is developed, simulated, and experimentally tested on the NI-myRIO-1900 FPGA 

platform. The comparative performance analysis of the proposed module with the existing 

modules are reported and it offers better resolution, accuracy, linearity, execution speed, 

variable duty cycle, and higher supporting switching frequency. The proposed module 

generates variable or fixed pulse widths at variable or fixed frequencies with higher resolution. 



 

26 
 

As a result, it can be used a variety of power electronic applications such as the generation of 

firing pulses, driving pulses, triggering pulses, and other. Mostly, the proposed module can be 

suitable for power converter applications where higher resolution and higher switching 

frequency required. The LabVIEW based GUI is developed for proposed multi-channel 

DPWM module and used to provide better user interface to monitor and control various 

parameters such as cycle value, ON time value, dead-time value and other.  The device 

utilization of FPGA is summarized with respect to NI-myRIO-1900 FPGA platform. 

2.5 The methodology of the research 

 
Fig. 2.1. Methodology for proposed FPGA based PLC. 

Various PLC modules are constructed with the help of FPGA in this thesis, and it functions as 

an FPGA-PLC. Instead of VHDL or Verilog, LabVIEW FPGA is used as a programming 

language for the construction of various modules. The methodology of proposed various 

module has been shown in fig. 2.1.  Once the FPGA has been appropriately setup using 

LabVIEW programming and a suitable GUI, it can be used as an FPGA-PLC with improved 

performance and flexibility.  A ladder programme based on IEC 61131-3 could be loaded into 

an FPGA. Debugging of the ladder programme could be done with the LabVIEW software. 

The back panel of LabVIEW is implemented based on the ladder diagram. By using serial 

communication, suitable FPGA code (LabVIEW back panel code converted in to FPGA code) 

has been transmitted using GUI to an FPGA. This code describes how to pick a specific rung, 

as well as the components utilised, such as TON, TOFF, RTON, RTOFF, PT, OT, AND, OR, 

NAND, NOR, NOT, EX-OR, EX-NOR, PWM, high-speed pulse and phase counter, and 
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others. It also shows the state of each rung's inputs and outputs. The NI myRIO FPGA kit is 

used to develop the various proposed modules. 

2.6 Conclusion 

This chapter discusses previously published research on PLC and FPGA-based PLC. 

Additionally, it provides descriptions of the existing issue of PLC, the goals and parameters of 

the study, the thesis's contribution, and the research methodology. 
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CHAPTER – 3 

FPGA-PLC BASED HIGH-SPEED COUNTER 
MODULE FOR PULSE COUNT MEASUREMENT 

APPLICATION 
 

This chapter describes the architecture of the proposed FPGA-PLC High-speed Counter (HSC), 

module which is used for single-channel and/or multi-channel pulse count measurement 

application. The simulation results of the proposed single-channel and/or multi-channel HSC 

module are reported. The proposed 9-channel HSC module is dumped on NI-myRIO-1900 

FPGA platform and the FPGA device utilization is reported. 

 

3.1 Introduction 

The counters, as their name suggests, are used to track or to measure the pulses. These pulses 

are typically generated when an object passes in front of a sensor causing the input to switch 

on and off. Objects such as containers, boxes, electronic components, and other parts can be 

counted using pulses to indicate the number of objects passing in front of the sensors. Counters 

can count either upwards or downwards, or both ways sometimes. Counters can be used in a 

variety of ways. In the conventional PLC, all operations are performed sequentially. There are 

limitations to PLCs, such as a less flexibility, slow scanning times, and limited speed due to 

their fixed hardware and sequential execution mechanisms. The sequential execution 

mechanism of a PLC adversely affects the performance of high-speed multitasking 

applications.  

The main goal of this research is to develop a simple, compact, cost-effective, user-friendly, 

high-speed various module with a shorter scan time than existing microprocessor, 

microcontroller, or PLC-based systems. In this research, the Improved FPGA-PLC module has 

been proposed based on parallel execution mechanism with reconstruction hardware for 

improving existing PLCs performance and flexibility.  

The main contribution of this chapter is to develop the various high-speed 1-phase 1-input and 

1-phase 2-inputs counters of PLC. The fast counters are implemented in FPGA logic devices 

as separate modules. Similarly, a multi-channel FPGA-PLC high-speed counter module is 

proposed and it is used for pulses measurement application. It can be used to count the number 

of manufactured or packaged small components (surface mounted components such as diodes, 
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resistors, capacitors, inductors and other) or pharmaceutical products. It can also use in a 

variety of applications, including the food, metal, petrochemicals, paint, and other industries. 

The proposed multi-channel HSC module is simulated with help of Laboratory Virtual 

Instrument Engineering Workbench (LabVIEW) FPGA and it is dumped on the NI-myRIO-

1900 FPGA platform. The device utilization of FPGA is summarized with respect to NI-

myRIO-1900 FPGA platform. The LabVIEW based GUI is developed for proposed multi-

channel HSC module and used to provide better user interface to monitor and control various 

counters selection and its values. The proposed module compares specified counter preset 

values with the accumulated values and updates the outputs accordingly and it transmits the 

accumulated counter value and status of inputs/outputs on LabVIEW based GUI.  

The proposed FPGA-PLC-HSC module are classified with respect to pulse input mode. The 

proposed module detects and count the edges of an incoming signal from an external source 

using selected counters, and then update the outputs accurately. The proposed module is 

support maximum input frequency upto 20MHz for each channel and counting the input pulses 

counts and updates outputs in an accurate manner. The description and classifications of pulse 

input modes are discussed below. 

3.2 Pulse input mode 

The purpose of this chapter is to introduce the idea of hardware supports for IEC 61131-3 

counter operations. This research develops, simulates and tests the 32-bit high-speed bi-

directional FPGA-PLC counter modules using the NI my-RIO-1900 FPGA platform with 

several pulse input modes.  

The classifications of pulse input modes are listed below. 

I. 1-phase 1-input pulse input mode (In this case total 38 counters are implemented) 

II. 1-phase 2-inputs pulse input mode (In this case total 7 counters are implemented) 

III. 2-phases 2-inputs pulse input mode (Please refer chapter no. 4) 

The proposed FPGA-PLC-HSC module is developed for single channel as well as multiple 

channel case. In 1-phase 1-input pulse input mode, total 38 counters are implemented and 

simulated for single channel case. Similarly, 1-phase 2-inputs pulse input mode, total 7 

counters are implemented and simulated for single channel case. The details of 2-phases 2-

inputs pulse input mode are summarized in the chapter no. 4. 

The proposed 32-bit high-speed bi-directional FPGA-PLC counter modules are used to 

measure count in the range of -2,147,483,648 to 2,147,483,647. The maximum setting range 
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of preset value and initial value of the proposed counter module is between -2,147,483,648 to 

2,147,483,647.  

Linear counter mode and ring counter mode are considered in the design of the proposed 

modules. The count range in linear counter mode is -2,147,483,648 to 2,147,483,647. The 

counting stops when the accumulated value of count reaches the maximum value; no further 

up-counting is possible, but down-counting is possible. The counting stops when the 

accumulated value of count reaches the minimum value; no further down-counting is possible, 

but up-counting is possible. 

The count range in ring counter mode is between -2,147,483,648 to 2,147,483,647. In ring 

counter, user have one more facility to adjust the minimum and maximum value for counting 

but this range is between -2,147,483,648 to 2,147,483,647. When the accumulated value of the 

counter exceeds the user-defined maximum value in the case of up counting, the accumulated 

value is set to the minimum value and the counting continues. In the case of down counting, 

when the accumulated value of the counter exceeds the user-defined minimum value, the 

accumulated value is set to the maximum value and counting continues. 

All of the proposed modules are used to measure fixed as well as variable frequency count. All 

counters are capable to measure the maximum fixed frequency count upto 20MHz. 

3.2.1 1-phase 1-input pulse input mode 

The classification of 1-phase 1-input are listed below. 

I. 1-phase 1-input 1-count 1-output (In this case total 24 counters are implemented) 

II. 1-phase 1-input 2-counts 1-output (In this case total 12 counters are implemented) 

III. 1-phase 1-input 3-outputs (In this case total 2 counters are implemented) 

The classification of 1-phase 1-input 1-count 1-output are listed below. 

I. Up Counter with Rising Edge and Accumulated Value Equal to Preset Value 

(UCREAEP) 

II. Up Counter with Falling Edge and Accumulated Value Equal to Preset Value 

(UCFEAEP) 

III. Down Counter with Rising Edge and Accumulated Value Equal to Preset Value 

(DCREAEP) 

IV. Down Counter with Falling Edge and Accumulated Value Equal to Preset Value 

(DCFEAEP) 

V. Up Counter with Rising Edge and Less than Accumulated Value compare to Preset 

Value (UCREALP) 
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VI. Up Counter with Falling Edge and Less than Accumulated Value compare to Preset 

Value (UCFEALP) 

VII. Down Counter with Rising Edge and Less than Accumulated Value compare to Preset 

Value (DCREALP) 

VIII. Down Counter with Falling Edge and Less than Accumulated Value compare to Preset 

Value (DCFEALP) 

IX. Up Counter with Rising Edge and Greater than Accumulated Value compare to Preset 

Value (UCREAGP) 

X. Up Counter with Falling Edge and Greater than Accumulated Value compare to Preset 

Value (UCFEAGP) 

XI. Down Counter with Rising Edge and Greater than Accumulated Value compare to 

Preset Value (DCREAGP) 

XII. Down Counter with Falling Edge and Greater than Accumulated Value compare to 

Preset Value (DCFEAGP) 

XIII. Up Counter with Rising Edge and Less than Equal Accumulated Value compare to 

Preset Value (UCREALEP) 

XIV. Up Counter with Falling Edge and Less than Equal Accumulated Value compare to 

Preset Value (UCFEALEP) 

XV. Down Counter with Rising Edge and Less than Equal Accumulated Value compare to 

Preset Value (DCREALEP) 

XVI. Down Counter with Falling Edge and Less than Equal Accumulated Value compare to 

Preset Value (DCFEALEP) 

XVII. Up Counter with Rising Edge and Greater than Equal Accumulated Value compare to 

Preset Value (UCREAGEP) 

XVIII. Up Counter with Falling Edge and Greater than Equal Accumulated Value compare to 

Preset Value (UCFEAGEP) 

XIX. Down Counter with Rising Edge and Greater than Equal Accumulated Value compare 

to Preset Value (DCREAGEP) 

XX. Down Counter with Falling Edge and Greater than Equal Accumulated Value compare 

to Preset Value (DCFEAGEP) 

XXI. Up Counter with Rising Edge and Lower Upper Limit of Preset compare to 

Accumulated Value (UCRELUPA) 

XXII. Up Counter with Falling Edge and Lower Upper Limit of Preset compare to 

Accumulated Value (UCFELUPA) 
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XXIII. Down Counter with Rising Edge and Lower Upper Limit of Preset compare to 

Accumulated Value (DCRELUPA) 

XXIV. Down Counter with Falling Edge and Lower Upper Limit of Preset compare to 

Accumulated Value (DCFELUPA)  

In the following sections, various counters are discussed in the detail. 

 Up Counter with Rising Edge and Accumulated Value Equal to Preset Value 

(UCREAEP) 

 
(a) 

 
(b) 

 
(c) 

Fig. 3.1. FPGA-PLC UCREAEP (a) LabVIEW based GUI (b) Simulation results (c) Expand view of (b). 

The UCREAEP counter GUI, which is based on LabVIEW, is shown in fig. 3.1 (a). The 

UCREAEP counter preset value and accumulated value are shown in fig. 3.1 (a). As a control 

signal, the reset signal is used. It also shows the input status, the counter done bit, and the reset 

signal. Similarly, in fig. 3.1 (b), the simulation results for FPGA-PLC based UCREAEP 

counter are shown. When the reset signal is pressed, the UCREAEP counter's accumulated 

value is set to zero, as shown in fig. 3.1 (b). The expanded view of fig. 3.1 (b) is shown in the 

fig. 3.1 (c). The input signal is a fixed square wave signal of 20MHz, as shown in fig. 3.1 (c).  
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(a)  

 
(b)  

 
(c)  

 
(d)  

(e)  
Fig. 3.2. Simulation results of (a) FPGA-PLC UCFEAEP (b) FPGA-PLC DCREAEP (c) FPGA-PLC 

DCFEAEP (d) FPGA-PLC UCREALP (e) FPGA-PLC UCFEALP. 
The UCREAEP counter detects each rising edge of the input signal and increases the 

accumulated value of it accordingly. The counter done bit of the UCREAEP counter is set to 

high when the accumulated value of the counter equals the preset value, which is 1000. There 
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are two types of selection options in the UCREAEP counter. When the UCREAEP counter's 

accumulated value equals the preset value in the first option, the accumulated value is set to 

zero on the next falling edge of the input signal. The UCREAEP counter's accumulated value 

is equal to the preset value in the second option, and the accumulated value is continuously 

increasing on the rising edge of the input signal. 

 Up Counter with Falling Edge and Accumulated Value Equal to Preset Value 

(UCFEAEP) 

In fig. 3.2 (a), the simulation results for FPGA-PLC based UCFEAEP counter are shown. The 

input signal is a fixed square wave signal of 20MHz. The UCFEAEP counter detects each 

falling edge of the input signal and increases the accumulated value of it accordingly. The 

counter done bit of the UCFEAEP counter is set to high when the accumulated value of the 

counter equals the preset value, which is 1000. There are two types of selection options in the 

UCFEAEP counter. When the UCFEAEP counter's accumulated value equals the preset value 

in the first option, the accumulated value is set to zero on the next rising edge of the input 

signal. The UCFEAEP counter's accumulated value is equal to the preset value in the second 

option, and the accumulated value is continuously increasing on the falling edge of the input 

signal. 

 Down Counter with Rising Edge and Accumulated Value Equal to Preset Value 

(DCREAEP) 

In fig. 3.2 (b), the simulation results for FPGA-PLC based DCREAEP counter are shown. The 

DCREAEP counter detects each rising edge of the input signal and decrease the accumulated 

value of it accordingly. The DCREAEP counter decrease the accumulated value from the initial 

value of counter i.e. 9000. When the reset signal is pressed, the DCREAEP counter's 

accumulated value is set to initial value of counter. The counter done bit of the DCREAEP 

counter is set to high when the accumulated value of the counter equals the preset value, which 

is 7000. There are two types of selection options in the DCREAEP counter. When the 

DCREAEP counter's accumulated value equals the preset value in the first option, the 

accumulated value is set to initial value of counter (i.e. 9000) on the next falling edge of the 

input signal. The DCREAEP counter's accumulated value is equal to the preset value in the 

second option, and the accumulated value is continuously decreasing on the rising edge of the 

input signal. 
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 Down Counter with Falling Edge and Accumulated Value Equal to Preset Value 

(DCFEAEP) 

In fig. 3.2 (c), the simulation results for FPGA-PLC based DCFEAEP counter are shown. The 

DCFEAEP counter detects each falling edge of the input signal and decrease the accumulated 

value of it accordingly. The DCFEAEP counter decrease the accumulated value from the initial 

value of counter i.e. 9000. When the reset signal is pressed, the DCFEAEP counter's 

accumulated value is set to initial value of counter. The counter done bit of the DCFEAEP 

counter is set to high when the accumulated value of the counter equals the preset value, which 

is 7555. There are two types of selection options in the DCFEAEP counter. When the 

DCFEAEP counter's accumulated value equals the preset value in the first option, the 

accumulated value is set to initial value of counter (i.e. 9000) on the next rising edge of the 

input signal. The DCFEAEP counter's accumulated value is equal to the preset value in the 

second option, and the accumulated value is continuously decreasing on the falling edge of the 

input signal. 

 Up Counter with Rising Edge and Less than Accumulated Value compare to Preset 

Value (UCREALP) 

In fig. 3.2 (d), the simulation results for FPGA-PLC based UCREALP counter are shown. As 

a control signal, the reset signal is used. When the reset signal is pressed, the UCREALP 

counter's accumulated value is set to zero, as shown in fig. 3.10. The UCREALP counter detects 

each rising edge of the input signal and increases the accumulated value of it accordingly. The 

counter done bit of the UCREALP counter is set to high when the accumulated value of the 

counter less than the preset value, which is 1600.  

 Up Counter with Falling Edge and Less than Accumulated Value compare to Preset 

Value (UCFEALP) 

In fig. 3.2 (e), the simulation results for FPGA-PLC based UCFEALP counter are shown. As 

a control signal, the reset signal is used. When the reset signal is pressed, the UCFEALP 

counter's accumulated value is set to zero, as shown in fig. 3.2 (e). The UCFEALP counter 

detects each falling edge of the input signal and increases the accumulated value of it 

accordingly. The counter done bit of the UCFEALP counter is set to high when the accumulated 

value of the counter less than the preset value, which is 1600.  
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(a)  

 
(b)  

 
(c)  

 
(d)  

 
(e)  

Fig. 3.3. Simulation results of (a) FPGA-PLC DCREALP (b) FPGA-PLC DCFEALP (c) FPGA-PLC 
UCREAGP (d) FPGA-PLC UCFEAGP (e) FPGA-PLC DCREAGP. 
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 Down Counter with Rising Edge and Less than Accumulated Value compare to 

Preset Value (DCREALP) 

In fig. 3.3 (a), the simulation results for FPGA-PLC based DCREALP counter are shown. 

When the reset signal is pressed, the DCREALP counter's accumulated value is set to initial 

value of counter, which is 8500. The DCREALP counter detects each rising edge of the input 

signal and decrease the accumulated value from the initial value of counter i.e. 8500. The 

counter done bit of the DCREALP counter is set to high when the accumulated value of the 

counter less than the preset value, which is 5500. 

 Down Counter with Falling Edge and Less than Accumulated Value compare to 

Preset Value (DCFEALP) 

In fig. 3.3 (b), the simulation results for FPGA-PLC based DCFEALP counter are shown. 

When the reset signal is pressed, the DCFEALP counter's accumulated value is set to initial 

value of counter, which is 8500. The DCFEALP counter detects each falling edge of the input 

signal and decrease the accumulated value from the initial value of counter i.e. 8500. The 

counter done bit of the DCFEALP counter is set to high when the accumulated value of the 

counter less than the preset value, which is zero.  

 Up Counter with Rising Edge and Greater than Accumulated Value compare to 

Preset Value (UCREAGP) 

In fig. 3.3 (c), the simulation results for FPGA-PLC based UCREAGP counter are shown. 

When the reset signal is pressed, the UCREAGP counter's accumulated value is set to zero, as 

shown in fig. 3.3 (c). The UCREAGP counter detects each rising edge of the input signal and 

increases the accumulated value of it accordingly. The counter done bit of the UCREAGP 

counter is set to high when the accumulated value of the counter greater than the preset value, 

which is 1100.  

 Up Counter with Falling Edge and Greater than Accumulated Value compare to 

Preset Value (UCFEAGP) 

In fig. 3.3 (d), the simulation results for FPGA-PLC based UCFEAGP counter are shown. 

When the reset signal is pressed, the UCFEAGP counter's accumulated value is set to zero, as 

shown in fig. 3.3 (d). The UCFEAGP counter detects each falling edge of the input signal and 

increases the accumulated value of it accordingly. The counter done bit of the UCFEAGP 

counter is set to high when the accumulated value of the counter greater than the preset value, 

which is 2000.  

 



 

38 
 

 
(a)  

 
(b)  

 
(c)  

 
(d)  

 
(e)  

Fig. 3.4. Simulation results of (a) FPGA-PLC DCFEAGP (b) FPGA-PLC UCREALEP (c) FPGA-PLC 
UCFEALEP (d) FPGA-PLC DCREALEP (e) FPGA-PLC DCFEALEP. 
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 Down Counter with Rising Edge and Greater than Accumulated Value compare to 

Preset Value (DCREAGP) 

In fig. 3.3 (e), the simulation results for FPGA-PLC based DCREAGP counter are shown.  

When the reset signal is pressed, the DCREAGP counter's accumulated value is set to initial 

value of counter, which is 6000. The DCREAGP counter detects each rising edge of the input 

signal and decrease the accumulated value from the initial value of counter i.e. 6000. The 

counter done bit of the DCREAGP counter is set to high when the accumulated value of the 

counter greater than the preset value, which is 2500.  

 Down Counter with Falling Edge and Greater than Accumulated Value compare to 

Preset Value (DCFEAGP) 

In fig. 3.4 (a), the simulation results for FPGA-PLC based DCFEAGP counter are shown. 

When the reset signal is pressed, the DCFEAGP counter's accumulated value is set to initial 

value of counter, which is 3500. The DCFEAGP counter detects each falling edge of the input 

signal and decrease the accumulated value from the initial value of counter i.e. 3500. The 

counter done bit of the DCFEAGP counter is set to high when the accumulated value of the 

counter greater than the preset value, which is 500.  

 Up Counter with Rising Edge and Less than Equal Accumulated Value compare to 

Preset Value (UCREALEP) 

In fig. 3.4 (b), the simulation results for FPGA-PLC based UCREALEP counter are shown. 

When the reset signal is pressed, the UCREALEP counter's accumulated value is set to zero. 

The UCREALEP counter detects each rising edge of the input signal and increases the 

accumulated value of it accordingly. The counter done bit of the UCREALEP counter is set to 

high when the accumulated value of the counter less than and equal to the preset value, which 

is 2500. 

 Up Counter with Falling Edge and Less than Equal Accumulated Value compare to 

Preset Value (UCFEALEP) 

In fig. 3.4 (c), the simulation results for FPGA-PLC based UCFEALEP counter are shown. 

When the reset signal is pressed, the UCFEALEP counter's accumulated value is set to zero. 

The UCFEALEP counter detects each falling edge of the input signal and increases the 

accumulated value of it accordingly. The counter done bit of the UCFEALEP counter is set to 

high when the accumulated value of the counter less than and equal to the preset value, which 

is 2500.  
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 Down Counter with Rising Edge and Less than Equal Accumulated Value compare 

to Preset Value (DCREALEP) 

In fig. 3.4 (d), the simulation results for FPGA-PLC based DCREALEP counter are shown. 

When the reset signal is pressed, the DCREALEP counter's accumulated value is set to initial 

value of counter, which is 8000. The DCREALEP counter detects each rising edge of the input 

signal and decrease the accumulated value from the initial value of counter i.e. 8000. The 

counter done bit of the DCREALEP counter is set to high when the accumulated value of the 

counter less than and equal to the preset value, which is 5000.  

 Down Counter with Falling Edge and Less than Equal Accumulated Value compare 

to Preset Value (DCFEALEP) 

In fig. 3.4 (e), the simulation results for FPGA-PLC based DCFEALEP counter are shown. 

When the reset signal is pressed, the DCFEALEP counter's accumulated value is set to initial 

value of counter, which is 8000. The DCFEALEP counter detects each falling edge of the input 

signal and decrease the accumulated value from the initial value of counter i.e. 8000. The 

counter done bit of the DCFEALEP counter is set to high when the accumulated value of the 

counter less than and equal to the preset value, which is 5000.  

 Up Counter with Rising Edge and Greater than Equal Accumulated Value compare 

to Preset Value (UCREAGEP) 

In fig. 3.5 (a), the simulation results for FPGA-PLC based UCREAGEP counter are shown.   

When the reset signal is pressed, the UCREAGEP counter's accumulated value is set to zero. 

The UCREAGEP counter detects each rising edge of the input signal and increases the 

accumulated value of it accordingly. The counter done bit of the UCREAGEP counter is set to 

high when the accumulated value of the counter greater than equal to the preset value, which 

is 3000.  

 Up Counter with Falling Edge and Greater than Equal Accumulated Value compare 

to Preset Value (UCFEAGEP) 

In fig. 3.5 (b), the simulation results for FPGA-PLC based UCFEAGEP counter are shown. 

When the reset signal is pressed, the UCFEAGEP counter's accumulated value is set to zero. 

The UCFEAGEP counter detects each falling edge of the input signal and increases the 

accumulated value of it accordingly. The counter done bit of the UCFEAGEP counter is set to 

high when the accumulated value of the counter greater than and equal to the preset value, 

which is 3000.  
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(a)  

 
(b) 

 
(c) 

 
(d) 

Fig. 3.5. Simulation results of (a) FPGA-PLC UCREAGEP (b) FPGA-PLC UCFEAGEP (c) FPGA-
PLC DCREAGEP (d) FPGA-PLC DCFEAGEP. 

 Down Counter with Rising Edge and Greater than Equal Accumulated Value 

compare to Preset Value (DCREAGEP) 

In fig. 3.5 (c), the simulation results for FPGA-PLC based DCREAGEP counter are shown. 

When the reset signal is pressed, the DCREAGEP counter's accumulated value is set to initial 

value of counter, which is 8000. The DCREAGEP counter detects each rising edge of the input 

signal and decrease the accumulated value from the initial value of counter i.e. 8000. The 

counter done bit of the DCREAGEP counter is set to high when the accumulated value of the 

counter greater than equal to the preset value, which is 5000.  
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 Down Counter with Falling Edge and Greater than Equal Accumulated Value 

compare to Preset Value (DCFEAGEP) 

In fig. 3.5 (d), the simulation results for FPGA-PLC based DCFEAGEP counter are shown. 

When the reset signal is pressed, the DCFEAGEP counter's accumulated value is set to initial 

value of counter, which is 8000. The DCFEAGEP counter detects each falling edge of the 

input signal and decrease the accumulated value from the initial value of counter i.e. 8000. 

The counter done bit of the DCFEAGEP counter is set to high when the accumulated value of 

the counter greater than equal to the preset value, which is 5000. 

 Up Counter with Rising Edge and Lower Upper Limit of Preset compare to 

Accumulated Value (UCRELUPA) 

In fig. 3.6 (a), the simulation results for FPGA-PLC based UCRELUPA counter are shown. 

When the reset signal is pressed, the UCRELUPA counter's accumulated value is set to zero. 

The UCRELUPA counter detects each rising edge of the input signal and increases the 

accumulated value of it accordingly. The counter done bit of the UCRELUPA counter is set to 

high when the accumulated value of the counter greater than the lower preset value (i.e. 3000) 

and less than upper preset value (i.e. 3020).  

 Up Counter with Falling Edge and Lower Upper Limit of Preset compare to 

Accumulated Value (UCFELUPA) 

In fig. 3.6 (b), the simulation results for FPGA-PLC based UCFELUPA counter are shown. 

The UCFELUPA counter detects each falling edge of the input signal and increases the 

accumulated value of it accordingly. The counter done bit of the UCFELUPA counter is set to 

high when the accumulated value of the counter greater than the lower preset value (i.e. 3000) 

and less than upper preset value (i.e. 3020).  

 Down Counter with Rising Edge and Lower - Upper Limit of Preset compare to 

Accumulated Value (DCRELUPA) 

In fig. 3.6 (c), the simulation results for FPGA-PLC based DCRELUPA counter are shown. 

When the reset signal is pressed, the DCRELUPA counter's accumulated value is set to initial 

value of counter, which is 3500. The DCRELUPA counter detects each rising edge of the input 

signal and decrease the accumulated value from the initial value of counter i.e. 3500. The 

counter done bit of the DCRELUPA counter is set to high when the accumulated value of the 

counter greater than the lower preset value (i.e. 3000) and less than upper preset value (i.e. 

3020).  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3.6. Simulation results of (a) FPGA-PLC UCRELUPA (b) FPGA-PLC UCFELUPA (c) FPGA-
PLC DCRELUPA (d) FPGA-PLC DCFELUPA 

 

 Down Counter with Falling Edge and Lower - Upper Limit of Preset compare to 

Accumulated Value (DCFELUPA)  

In fig. 3.6 (d), the simulation results for FPGA-PLC based DCFELUPA counter are shown. 

When the reset signal is pressed, the DCFELUPA counter's accumulated value is set to initial 

value of counter, which is 3500. The DCFELUPA counter detects each falling edge of the input 

signal and decrease the accumulated value from the initial value of counter i.e. 3500. The 
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counter done bit of the DCFELUPA counter is set to high when the accumulated value of the 

counter greater than the lower preset value (i.e. 3000) and less than upper preset value (i.e. 

3020). 

The classification of 1-phase 1-input 2-counts 1-output are listed below. 

I. Up Counter with Rising and Falling Edge and Accumulated Value Equal to Preset 

Value (UCRFEAEP)  

II. Down Counter with Rising and Falling Edge and Accumulated Value Equal to Preset 

Value (DCRFEAEP) 

III. Up Counter with Rising - Falling Edge and Less than Accumulated Value compare to 

Preset Value (UCRFEALP) 

IV. Down Counter with Rising - Falling Edge and Less than Accumulated Value compare 

to Preset Value (DCRFEALP) 

V. Up Counter with Rising - Falling Edge and Greater than Accumulated Value compare 

to Preset Value (UCRFEAGP) 

VI. Down Counter with Rising - Falling Edge and Greater than Accumulated Value 

compare to Preset Value (DCRFEAGP) 

VII. Up Counter with Rising - Falling Edge and Less than Equal Accumulated Value 

compare to Preset Value (UCRFEALEP) 

VIII. Down Counter with Rising - Falling Edge and Less than Equal Accumulated Value 

compare to Preset Value (DCRFEALEP) 

IX. Up Counter with Rising - Falling Edge and Greater than Equal Accumulated Value 

compare to Preset Value (UCRFEAGEP) 

X. Down Counter with Rising - Falling Edge and Greater than Equal Accumulated Value 

compare to Preset Value (DCRFEAGEP) 

XI. Up Counter with Rising – Falling Edge and Lower - Upper Limit of Preset compare to 

Accumulated Value (UCRFELUPA) 

XII. Down Counter with Rising – Falling Edge and Lower - Upper Limit of Preset compare 

to Accumulated Value (DCRFELUPA) 
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(a) 

 
(b) 

 
(c) 

 
(d)  

 
(e)  

Fig. 3.7. Simulation results of (a) FPGA-PLC UCRFEAEP (b) FPGA-PLC DCRFEAEP (c) FPGA-PLC 
UCRFEALP (d) FPGA-PLC DCRFEALP (e) FPGA-PLC UCRFEAGP. 
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 Up Counter with Rising and Falling Edge and Accumulated Value Equal to Preset 

Value (UCRFEAEP)  

The simulation results of FPGA-PLC based UCRFEAEP counter are shown in fig. 3.7 (a). 

When the reset signal is pressed, the UCRFEAEP counter's accumulated value is set to zero. 

The UCRFEAEP counter detects each rising edge and falling edge of the input signal and 

increases the accumulated value of it accordingly. The counter done bit of the UCRFEAEP 

counter is set to high when the accumulated value of the counter equals the preset value, which 

is 200. There are two types of selection options in the UCRFEAEP counter. When the 

UCRFEAEP counter's accumulated value equals the preset value in the first option, the 

accumulated value is set to zero. The UCRFEAEP counter's accumulated value is equal to the 

preset value in the second option, and the accumulated value is continuously increasing on the 

rising edge and falling edge of the input signal. 

 Down Counter with Rising and Falling Edge and Accumulated Value Equal to Preset 

Value (DCRFEAEP) 

The simulation results of FPGA-PLC based DCRFEAEP counter are shown in fig. 3.7 (b). 

When the reset signal is pressed, the DCRFEAEP counter's accumulated value is set to the 

initial value of the counter i.e. 9000. The DCRFEAEP counter detects each rising edge and 

falling edge of the input signal and decrease the accumulated value of it accordingly. The 

counter done bit of the DCRFEAEP counter is set to high when the accumulated value of the 

counter equals the preset value, which is 7000. There are two types of selection options in the 

DCRFEAEP counter. When the DCRFEAEP counter's accumulated value equals the preset 

value in the first option, the accumulated value is set to the initial value of the counter i.e. 9000. 

The DCRFEAEP counter's accumulated value is equal to the preset value in the second option, 

and the accumulated value is continuously decrease on the rising edge and falling edge of the 

input signal. 

 Up Counter with Rising - Falling Edge and Less than Accumulated Value compare 

to Preset Value (UCRFEALP) 

The simulation results of FPGA-PLC based UCRFEALP counter are shown in fig. 3.7 (c). 

When the reset signal is pressed, the UCRFEALP counter's accumulated value is set to zero. 

The UCRFEALP counter detects each rising edge and falling edge of the input signal and 

increases the accumulated value of it accordingly. The counter done bit of the UCRFEALP 

counter is set to high when the accumulated value of the counter less than the preset value, 

which is 1600.  
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 Down Counter with Rising - Falling Edge and Less than Accumulated Value compare 

to Preset Value (DCRFEALP) 

The simulation results of FPGA-PLC based DCRFEALP counter are shown in fig. 3.7 (d). 

When the reset signal is pressed, the DCRFEALP counter's accumulated value is set to the 

initial value of the counter i.e. 8500. The DCRFEALP counter detects each rising edge and 

falling edge of the input signal and decrease the accumulated value of it accordingly. The 

counter done bit of the DCRFEALP counter is set to high when the accumulated value of the 

counter less than the preset value, which is zero.  

 Up Counter with Rising - Falling Edge and Greater than Accumulated Value 

compare to Preset Value (UCRFEAGP) 

The simulation results of FPGA-PLC based UCRFEAGP counter are shown in fig. 3.7 (e). 

When the reset signal is pressed, the UCRFEAGP counter's accumulated value is set to zero. 

The UCRFEAGP counter detects each rising edge and falling edge of the input signal and 

increases the accumulated value of it accordingly. The counter done bit of the UCRFEAGP 

counter is set to high when the accumulated value of the counter greater than the preset value, 

which is 2500.  

 Down Counter with Rising - Falling Edge and Greater than Accumulated Value 

compare to Preset Value (DCRFEAGP) 

The simulation results of FPGA-PLC based DCRFEAGP counter are shown in fig. 3.8 (a).   

When the reset signal is pressed, the DCRFEAGP counter's accumulated value is set to the 

initial value of the counter i.e. 3500. The DCRFEAGP counter detects each rising edge and 

falling edge of the input signal and decrease the accumulated value of it accordingly. The 

counter done bit of the DCRFEAGP counter is set to high when the accumulated value of the 

counter greater than the preset value, which is 500.  

 Up Counter with Rising - Falling Edge and Less than Equal Accumulated Value 

compare to Preset Value (UCRFEALEP) 

The simulation results of FPGA-PLC based UCRFEALEP counter are shown in fig. 3.8 (b). 

When the reset signal is pressed, the UCRFEALEP counter's accumulated value is set to zero. 

The UCRFEALEP counter detects each rising edge and falling edge of the input signal and 

increases the accumulated value of it accordingly. The counter done bit of the UCRFEALEP 

counter is set to high when the accumulated value of the counter less than and equal to preset 

value, which is 2500.  
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(a) 

 
(b)  

 
(c)  

 
(d)  

 
(e) 

Fig. 3.8. Simulation results of (a) FPGA-PLC DCRFEAGP (b) FPGA-PLC UCRFEALEP (c) FPGA-
PLC DCRFEALEP (d) FPGA-PLC UCRFEAGEP (e) FPGA-PLC DCRFEAGEP. 
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 Down Counter with Rising - Falling Edge and Less than Equal Accumulated Value 

compare to Preset Value (DCRFEALEP) 

The simulation results of FPGA-PLC based DCRFEALEP counter are shown in fig. 3.8 (c). 

When the reset signal is pressed, the DCRFEALEP counter's accumulated value is set to the 

initial value of the counter i.e. 8000. The DCRFEALEP counter detects each rising edge and 

falling edge of the input signal and decrease the accumulated value of it accordingly. The 

counter done bit of the DCRFEALEP counter is set to high when the accumulated value of the 

counter less than and equal to preset value, which is 5000.  

 Up Counter with Rising - Falling Edge and Greater than Equal Accumulated Value 

compare to Preset Value (UCRFEAGEP) 

The simulation results of FPGA-PLC based UCRFEAGEP counter are shown in fig. 3.8 (d).   

When the reset signal is pressed, the UCRFEAGEP counter's accumulated value is set to zero. 

The UCRFEAGEP counter detects each rising edge and falling edge of the input signal and 

increases the accumulated value of it accordingly. The counter done bit of the UCRFEAGEP 

counter is set to high when the accumulated value of the counter greater than and equal to preset 

value, which is 2000.  

 Down Counter with Rising - Falling Edge and Greater than Equal Accumulated 

Value compare to Preset Value (DCRFEAGEP) 

The simulation results of FPGA-PLC based DCRFEAGEP counter are shown in fig. 3.8 (e). 

When the reset signal is pressed, the DCRFEAGEP counter's accumulated value is set to the 

initial value of the counter i.e. 8000. The DCRFEAGEP counter detects each rising edge and 

falling edge of the input signal and decrease the accumulated value of it accordingly. The 

counter done bit of the DCRFEAGEP counter is set to high when the accumulated value of the 

counter greater than equal to preset value, which is 5000.  

 Up Counter with Rising – Falling Edge and Lower - Upper Limit of Preset compare 

to Accumulated Value (UCRFELUPA) 

The simulation results of FPGA-PLC based UCRFELUPA counter are shown in fig. 3.9 (a). 

When the reset signal is pressed, the UCRFELUPA counter's accumulated value is set to zero. 

The UCRFELUPA counter detects each rising edge and falling edge of the input signal and 

increases the accumulated value of it accordingly. The counter done bit of the UCRFELUPA 

counter is set to high when the accumulated value of the counter greater than the lower preset 

value (i.e. 3000) and less than upper preset value (i.e. 3020).  
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(a) 

 
(b) 

Fig. 3.9. Simulation results of (a) FPGA-PLC UCRFELUPA (b) FPGA-PLC DCRFELUPA. 
 Down Counter with Rising – Falling Edge and Lower - Upper Limit of Preset  

 compare to Accumulated Value (DCRFELUPA) 

In fig. 3.9 (b), the simulation results for FPGA-PLC based DCRFELUPA counter are shown. 

When the reset signal is pressed, the DCRFELUPA counter's accumulated value is set to initial 

value of counter, which is 3500. The DCRFELUPA counter detects each rising edge and falling 

edge of the input signal and decrease the accumulated value from the initial value of counter 

i.e. 3500. The counter done bit of the DCRFELUPA counter is set to high when the 

accumulated value of the counter greater than the lower preset value (i.e. 3000) and less than 

upper preset value (i.e. 3020).  

The classification of 1-phase 1-input 3-outputs are listed below. 

I. Up Counter with three outputs 

II. Down Counter with three outputs 

 Up counter with three outputs 

The LabVIEW based GUI for up counter with three outputs is shown in the fig. 3.10 (a). The 

GUI provides details of counter preset value, accumulated value, input count status, counter 

done bit status based on rising edge, falling edge and both edges of input signal. As a control 

signal, the reset signal is used.  When the reset signal is pressed, the counter's all accumulated 

values are set to zero. Similarly, in fig. 3.10 (b), the simulation results for FPGA-PLC based 

up counter with three outputs are shown. In fig. 3.10 (c), the expanded view of fig. 3.10 (b) is 

shown. The up counter with three outputs detects each rising edge, falling edge and both edge 
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of the input signal and increases the accumulated value of it accordingly. The up counter is 

used to generate three outputs such as a counter done bit based on rising edge, counter done bit 

based on falling edge and counter done bit based on both or any edge. The counter done bit of 

the up counter based on the rising edge is set to high when the accumulated value of the counter 

based on rising edge equals the preset value, which is 2500. The counter done bit of the up 

counter based on the falling edge is set to high when the accumulated value of the counter 

based on falling edge equals the preset value, which is 2500. The counter done bit of the up 

counter based on the rising and falling edge is set to high when the accumulated value of the 

counter based on rising and falling edge equals the preset value, which is 2500.  

 
(a) 

 
(b) 

 
(c) 

Fig. 3.10. FPGA-PLC UP counter with three outputs (a) GUI (b) Simulation results (c) Expand view of 
(b). 
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(a) 

 
(b) 

 
(c) 

Fig. 3.11. FPGA-PLC DOWN counter with three outputs (a) GUI (b) Simulation results (c) Expand 

view of (b). 

 Down Counter with three outputs 

The LabVIEW based GUI for down counter with three outputs are shown in the fig. 3.11 (a). 

The GUI provides details of counter preset value, accumulated value, input count status, 

counter done bit status based on rising edge, falling edge and both edges of input signal. As a 

control signal, the reset signal is used.  When the reset signal is pressed, the counter's all 

accumulated values are set to initial value of counter with respect to edge. Similarly, in fig. 

3.11 (b), the simulation results for FPGA-PLC based down counter with three outputs are 

shown. In fig. 3.11 (c), the expanded view of fig. 3.11 (b) is shown. The down counter with 
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three outputs detects each rising edge, falling edge and both edge of the input signal and 

decrease the accumulated value of it accordingly. The down counter is used to generate three 

outputs such as a counter done bit based on rising edge, counter done bit based on falling edge 

and counter done bit based on both or any edge. The counter done bit of the down counter 

based on the rising edge is set to high when the accumulated value of the counter based on 

rising edge equals the preset value, which is 22000. The counter done bit of the down counter 

based on the falling edge is set to high when the accumulated value of the counter based on 

falling edge equals the preset value, which is 22000. The counter done bit of the down counter 

based on the rising and falling edge is set to high when the accumulated value of the counter 

based on rising and falling edge equals the preset value, which is 22000. 

3.2.2 1-phase 2-inputs pulse input mode 

The classification of 1-phase 2-inputs are listed below. 

I. 1-phase 2-inputs 1-count 1-output (In this case total 4 Counters are implemented) 

II. 1-phase 2-inputs 2-counts 1-output (In this case total 2 Counters are implemented) 

III. 1-phase 2-inputs 3-outputs (In this case total 1 Counter is implemented) 

The classification of 1-phase 2-inputs 1-count 1-output are listed below. 

I. Up – Down Counter First Input Rising Edge Detection Second Input UP/DOWN 

Selection and Accumulated Value Greater than Equal to Preset Value 

(UDCFIREDSIUDSAGEP) 

II. Up – Down Counter First Input Falling Edge Detection Second Input UP/DOWN 

Selection and Accumulated Value Greater than Equal to Preset Value 

(UDCFIFEDSIUDSAGEP) 

III. Up – Down Counter with Rising Edge and Accumulated Value Greater than Equal to 

Preset Value (UDCREAGEP)  

IV. Up – Down Counter with Falling Edge and Accumulated Value Greater than Equal to 

Preset Value (UDCFEAGEP) 

 Up – Down Counter First Input Rising Edge Detection Second Input UP/DOWN 

Selection and Accumulated Value Greater than Equal to Preset Value 

(UDCFIREDSIUDSAGEP) 

Fig. 3.12 (a) depicts the simulation results of an FPGA-PLC-based UDCFIREDSIUDSAGEP 

counter. The UDCFIREDSIUDSAGEP counter has three inputs. They are as follows: an input 

signal, a UP/DOWN direction control signal, and a reset signal. When the reset signal is 

pressed, the accumulated value of the UDCFIREDSIUDSAGEP counter is set to zero.  
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(a) 

(b) 

(c) 

(d) 
Fig. 3.12. FPGA-PLC UDCFIREDSIUDSAGEP (a) Simulation results (b) First expand view of (a) (c) 

Second expand view of (a) (d) Third expand view of (a). 
As shown in fig. 3.12 (a), the input signal is a fixed square wave signal of 20MHz. Function 

generators, encoders, sensors, and other devices can generate the input signal. The second input 

signal is a control signal for the UP/DOWN direction. When the UP/DOWN direction control 

signal has a low logic level, the UDCFIREDSIUDSAGEP functions as a UP counter; 

otherwise, it functions as a DOWN counter. When used as a UP counter, the 



 

55 
 

UDCFIREDSIUDSAGEP counter detects each rising edge of the input signal and increases the 

accumulated value accordingly, as shown in fig. 3.12 (b). It also shows that the 

UDCFIREDSIUDSAGEP counter's counter done bit is set to high when the accumulated value 

of the counter is greater than or equal to the preset value, which is 6000. Similarly, when the 

UDCFIREDSIUDSAGEP counter is set to work as a DOWN counter, it detects each rising 

edge of the input signal and decreases the accumulated value accordingly, as shown in fig. 3.12 

(c). The UDCFIREDSIUDSAGEP counter's counter done bit is set to high when the 

accumulated value of the counter is greater than or equal to the preset value, which is 6000, as 

shown in fig. 3.12 (d). 

 Up – Down Counter First Input Falling Edge Detection Second Input UP/DOWN 

Selection and Accumulated Value Greater than Equal to Preset Value 

(UDCFIFEDSIUDSAGEP) 

Fig. 3.13 (a) depicts the simulation results of an FPGA-PLC-based UDCFIFEDSIUDSAGEP 

counter. The UDCFIFEDSIUDSAGEP counter has three inputs. They are as follows: an input 

signal, a UP/DOWN direction control signal, and a reset signal. When the reset signal is 

pressed, the accumulated value of the UDCFIFEDSIUDSAGEP counter is set to zero. Function 

generators, encoders, sensors, and other devices can generate the input signal. The second input 

signal is a control signal for the UP/DOWN direction. When the UP/DOWN direction control 

signal has a low logic level, the UDCFIFEDSIUDSAGEP functions as a UP counter; otherwise, 

it functions as a DOWN counter. When used as a UP counter, the UDCFIFEDSIUDSAGEP 

counter detects each falling edge of the input signal and increases the accumulated value 

accordingly, as shown in fig. 3.13 (b). It also shows that the UDCFIFEDSIUDSAGEP counter's 

counter done bit is set to high when the accumulated value of the counter is greater than or 

equal to the preset value, which is 6000. Similarly, when the UDCFIFEDSIUDSAGEP counter 

is set to work as a DOWN counter, it detects each falling edge of the input signal and decreases 

the accumulated value accordingly, as shown in fig. 3.13 (c). The UDCFIFEDSIUDSAGEP 

counter's counter done bit is set to high when the accumulated value of the counter is greater 

than or equal to the preset value, which is 6000, as shown in fig. 3.13 (d). 
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(a) 

(b) 

 
(c) 

 
(d) 

Fig. 3.13. FPGA-PLC UDCFIFEDSIUDSAGEP (a) Simulation results (b) First expand view of (a) (c) 

Second expand view of (a) (d) Third expand view of (a). 
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 Up – Down Counter with Rising Edge and Accumulated Value Greater than Equal 

to Preset Value (UDCREAGEP)  

(a) 

(b) 

(c) 
Fig. 3.14. FPGA-PLC UDCREAGEP (a) Simulation results (b) First expand view of (a) (c) Second 

expand view of (a). 
Fig. 3.14 (a) depicts the simulation results of an FPGA-PLC-based UDCREAGEP counter. The 

UDCREAGEP counter is comprised of three signals: a UP counter input signal, a DOWN 

counter input signal, and a reset signal. When the reset signal is pressed, the accumulated value 

of the UDCREAGEP counter is set to zero. As shown in fig. 3.14 (b), the UP-counter input 

signal is a fixed square wave signal of 20MHz and the DOWN counter input signal is zero. 

Function generators, encoders, sensors, and other devices can generate the UP-counter input 

signal. In this case, the UDCREAGEP counter detects each rising edge of the UP-counter input 

signal and increases the accumulated value accordingly. As shown in fig. 3.14 (c), the DOWN 

counter input signal is a fixed square wave signal of 20MHz and the UP-counter input signal 

is zero. Function generators, encoders, sensors, and other devices can generate the DOWN 
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counter input signal. In this case, the UDCREAGEP counter detects each rising edge of the 

DOWN counter input signal and decrease the accumulated value accordingly. It also shows 

that the UDCREAGEP counter's counter done bit is set to high when the accumulated value of 

the counter is greater than or equal to the preset value, which is 6000.   

(a) 

 
(b) 

 
(d) 

 
(e) 

Fig. 3.15. FPGA-PLC UDCFEAGEP (a) Simulation results (b) First expand view of (a) (c) Second 

expand view of (a) (d) Third expand view of (a). 
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 Up – Down Counter with Falling Edge and Accumulated Value Greater than Equal 

to Preset Value (UDCFEAGEP) 

Fig. 3.15 (a) depicts the simulation results of an FPGA-PLC-based UDCFEAGEP counter. The 

UDCFEAGEP counter is comprised of three signals: a UP counter input signal, a DOWN 

counter input signal, and a reset signal. When the reset signal is pressed, the accumulated value 

of the UDCFEAGEP counter is set to zero. As shown in fig. 3.15 (b) and 3.15 (c), the UP-

counter input signal is a fixed square wave signal of 20MHz and the DOWN counter input 

signal is zero. Function generators, encoders, sensors, and other devices can generate the UP-

counter input signal. In this case, the UDCFEAGEP counter detects each falling edge of the 

UP-counter input signal and increases the accumulated value accordingly. As shown in fig. 

3.15 (d), the DOWN counter input signal is a fixed square wave signal of 20MHz and the UP-

counter input signal is zero. Function generators, encoders, sensors, and other devices can 

generate the DOWN counter input signal. In this case, the UDCFEAGEP counter detects each 

falling edge of the DOWN counter input signal and decrease the accumulated value 

accordingly. The fig. 3.15 (c) also show that the UDCFEAGEP counter's counter done bit is 

set to high when the accumulated value of the counter is greater than or equal to the preset 

value, which is 6000.   

The classification of 1-phase 2-inputs 2-counts 1-output are listed below. 

I. Up – Down Counter First Input Rising and Falling Edge Detection Second Input 

UP/DOWN Selection and Accumulated Value Greater than Equal to Preset Value 

(UDCFIRFEDSIUDSAGEP) 

II. Up – Down Counter with Rising - Falling Edge and Accumulated Value Greater than 

Equal to Preset Value (UDCRFEAGEP) 

 Up – Down Counter First Input Rising and Falling Edge Detection Second Input 

UP/DOWN Selection and Accumulated Value Greater than Equal to Preset Value 

(UDCFIRFEDSIUDSAGEP) 

Fig. 3.16 (a) depicts the simulation results of an FPGA-PLC-based UDCFIRFEDSIUDSAGEP 

counter. The UDCFIRFEDSIUDSAGEP counter has three inputs. They are as follows: an input 

signal, a UP/DOWN direction control signal, and a reset signal. When the reset signal is 

pressed, the accumulated value of the UDCFIRFEDSIUDSAGEP counter is set to zero. As 

shown in fig. 3.16 (a), the input signal is a fixed square wave signal of 20MHz. Function 

generators, encoders, sensors, and other devices can generate the input signal. The second input 

signal is a control signal for the UP/DOWN direction. When the UP/DOWN direction control 
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signal has a low logic level, the UDCFIRFEDSIUDSAGEP functions as a UP counter; 

otherwise, it functions as a DOWN counter. When used as a UP counter, the 

UDCFIRFEDSIUDSAGEP counter detects each rising and falling edge of the input signal and 

increases the accumulated value accordingly, as shown in fig. 3.16 (b). It also shows that the 

UDCFIRFEDSIUDSAGEP counter's counter done bit is set to high when the accumulated 

value of the counter is greater than or equal to the preset value, which is 6000. Similarly, when 

the UDCFIRFEDSIUDSAGEP counter is set to work as a DOWN counter, it detects each rising 

and falling edge of the input signal and decreases the accumulated value accordingly, as shown 

in fig. 3.16 (c). The UDCFIRFEDSIUDSAGEP counter's counter done bit is set to high when 

the accumulated value of the counter is greater than or equal to the preset value, which is 6000, 

as shown in fig. 3.16 (d). 

(a) 

(b) 

(c) 
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(d) 

Fig. 3.16. FPGA-PLC UDCFIRFEDSIUDSAGEP (a) Simulation results (b) First expand view of (a) (c) 
Second expand view of (a) (d) Third expand view of (a). 

 
(a) 

 
(b) 

 
(c) 

Fig. 3.17. FPGA-PLC UDCRFEAGEP (a) Simulation results (b) First expand view of (a) (c) Second 
expand view of (a). 
 Up – Down Counter with Rising - Falling Edge and Accumulated Value Greater than 

Equal to Preset Value (UDCRFEAGEP) 

Fig. 3.17 (a) depicts the simulation results of an FPGA-PLC-based UDCRFEAGEP counter. 

The UDCRFEAGEP counter is comprised of three signals: a UP counter input signal, a DOWN 
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counter input signal, and a reset signal. When the reset signal is pressed, the accumulated value 

of the UDCRFEAGEP counter is set to zero. As shown in fig. 3.17 (b), the UP-counter input 

signal is a fixed square wave signal of 20MHz and the DOWN counter input signal is zero. 

Function generators, encoders, sensors, and other devices can generate the UP-counter input 

signal. In this case, the UDCRFEAGEP counter detects each rising and falling edge of the UP-

counter input signal and increases the accumulated value accordingly. As shown in fig. 3.17 

(c), the DOWN counter input signal is a fixed square wave signal of 20MHz and the UP-counter 

input signal is zero. Function generators, encoders, sensors, and other devices can generate the 

DOWN counter input signal. In this case, the UDCRFEAGEP counter detects each rising and 

falling edge of the DOWN counter input signal and decrease the accumulated value 

accordingly. The fig. 3.17 (b) also show that the UDCRFEAGEP counter's counter done bit is 

set to high when the accumulated value of the counter is greater than or equal to the preset 

value, which is 6000.   

The classification of 1-phase 2-inputs 3-outputs are listed below. 

I. Up – Down Counter with Three Output 

 Up – Down Counter with Three Output 

The LabVIEW based GUI for down counter with three outputs are shown in the fig. 3.18  

(a). The GUI provides details of counter preset value, accumulated value, input count status, 

counter done bit status based on rising edge, falling edge and both edges of input signal. As a 

control signal, the reset signal is used.  When the reset signal is pressed, the counter's all 

accumulated values are set to initial value of counter with respect to edge. Similarly, in fig. 

3.18 (b), the simulation results for FPGA-PLC based UP/DOWN counter with three outputs 

are shown. In fig. 3.18 (c), the expanded view of fig. 3.18 (b) is shown. The input signal is a 

fixed square wave signal of 20MHz, as shown in fig. 3.18 (c). The UP/DOWN counter with 

three outputs detects each rising edge, falling edge and both edges of the input signal and 

increase/decrease the accumulated value of it accordingly.  In this counter, the UP/DOWN 

signal is used for selection of operation of counter. When the UP/DOWN signal is low then the 

UP counter is selected else the DOWN counter is selected. In case of UP counter, the 

accumulated value increased with respect to the edge of input signal. Similarly, in case of 

DOWN counter, the accumulated value decreased with respect to the edge of input signal. The 

UP/DOWN counter is used to generate three outputs such as a counter done bit based on rising 

edge, counter done bit based on falling edge and counter done bit based on both edges. The 

counter done bit of the UP/DOWN counter based on the rising edge is set to high when the 

accumulated value of the counter based on rising edge equals the preset value, which is 5100. 
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The counter done bit of the UP/DOWN counter based on the falling edge is set to high when 

the accumulated value of the counter based on falling edge equals the preset value, which is 

5100. The counter done bit of the UP/DOWN counter based on the rising and falling edge is 

set to high when the accumulated value of the counter based on rising and falling edge equals 

the preset value, which is 5100.  

 
(a) 

 
(b) 

 
(c) 

Fig. 3.18. FPGA-PLC UP-DOWN counter with three outputs (a) GUI (b) Simulation results (C) 
Expand view of (b). 

3.2.3 2-phase 2-inputs pulse input mode 

The details of 2-Phases 2-Inputs Pulse Input Mode are summarized in the chapter no. 4. 

3.3 MULTI-CHANNEL FPGA-PLC HIGH-SPEED COUNTER MODULE FOR PULSE 

MEASUREMENT APPLICATION 

3.3.1 Architecture     

Fig. 3.19 shows the architecture of the proposed FPGA-PLC high-speed counter, which is used 

for pulse count measurement. The proposed module is loaded inside the NI-myRIO-1900 

platform. The LabVIEW based GUI is interface with the NI-myRIO-1900 platform using a 



 

64 
 

USB cable. A nine-channel high-speed counters module is implemented on the FPGA. The 

proposed module includes nine input channels and nine output channels. Through pull up 

resistor circuits, the input channels module received pulse trains from the sensors. Different 

types of sensors can be used such as encoders, photoelectric sensors, hall sensors, proximity 

sensors, pulse generators, and digital sensors. The input channels module sends the pulse train 

to the FPGA-PLC based HSC module. Each channel in the proposed module has one counter 

selection from a total of 36 counters. The proposed module allows for a maximum input 

frequency of 20MHz for each channel, as well as accurate counting and updating of outputs.  

 
 

Fig. 3.19.  Architecture of proposed FPGA-PLC high-speed counter for pulse count measurement 
application.  

3.3.2 Results and discussion    

The LabVIEW-based GUI of the proposed FPGA-PLC high-speed counter for pulse count 

measurement application is shown in fig. 3.20. A LabVIEW-based GUI is used to monitor and 

control various parameters of the proposed module.  The GUI allows user to choose a variety 

of counters, set their values, monitor the accumulated value of the counters, and check the 

status of the counters using LEDs. In multi-channel HSC module, each channel support total 

thirty-six counters selection. Depending on user requirement, user can select counter. With help 

of reset channel button user can reset the accumulated value of selected counter. 

Additionally, the GUI is used to send the address of selected counters to the FPGA. Input 

channels unit starts counting input trains depending on the counter selection in FPGA-PLC 
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based high-speed counter module. The high-speed counter module updates the output for each 

channel by comparing the preset value of the selected counter with the accumulated value of 

the counter. The GUI receives the real-time accumulated value of each counter, as well as the 

status of the counter done bit, from the FPGA device.   

 
Fig. 3.20. LabVIEW based GUI for proposed FPGA-PLC high-speed counter for pulse count 

measurement application. 
3.3.2.1 Simulation results 

The simulation results of input and output channels 1 to 5 are shown in fig. 3.21. The input 

signal of channels 1 to 5 has a frequency of 20MHz, as shown in this diagram. The scanning 

time offered by the proposed module is 25 ns for scanning all inputs status, performing 

execution based on user input programme, and updating all outputs of 9-channels, as shown in 

figs. 3.21 and 3.22.  For channel 1, the UCREAEP counter is chosen. UCREAEP has a default 

value of 5. When the rising edge of the input signal is detected, the UCREAEP accumulated 

value is increased by one. When the accumulated value and the preset value are the same, the 

UCREAEP counter done bit is set to 1, otherwise it is set to 0. For channel 2, the UCFEALEP 

counter is chosen. UCFEALEP has a default value of 10. When the falling edge of the input 

signal is detected, the UCFEALEP accumulated value is increased by one. When the 

accumulated value is less than or equal to the preset value, the UCFEALEP counter done bit is 

set to 1, otherwise it is set to 0. The UCRFELUPA counter is selected for channel 3. The preset  
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Fig. 3.21: Timing diagram for channel-1 to channel-5 with input signal pulses, preset values, accumulated 

values and counter done bit (Simulation results). 
 

 
Fig. 3.22: Timing diagram for channel-6 to channel-9 with input signal pulses, preset values, accumulated 

values and counter done bit (Simulation results). 

value 1 and 2 of UCRFELUPA are 2 and 25 respectively. When a rising or falling edge of an 

input signal is detected, UCRFELUPA's accumulated value is increased by one. The counter 

done bit of UCRFELUPA is set to 1 if the accumulated value is greater than preset value 1 and 

less than preset value 2, otherwise it is set to 0. Channel 4 is set to the DCREAGEP counter. 

DCREAGEP has a default value of -7. When the rising edge of the input signal is detected, the 
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accumulated value of DCREAGEP is decremented by one. When the accumulated value is 

greater than or equal to the preset value, the DCREAGEP counter done bit is set to 1, otherwise 

it is set to 0. Channel 5 is set to the DCFEALEP counter. DCFEALEP has a default value of -

5. When the falling edge of the input signal is detected, the accumulated value of DCFEALEP 

is decremented by one. When the accumulated value is less than or equal to the preset value, 

the DCFEALEP counter done bit is set to 1, otherwise it is set to 0. 

The timing diagram of input and output channels 6 to 9 is shown in fig. 3.22. The input signal 

of channels 6 to 9 has a frequency of 20MHz, as shown in this diagram. Channel 6 is set to the 

DCRFELUPA counter. DCRFELUPA's preset values 1 and 2 are -10 and -5, respectively. 

When a rising or falling edge of an input signal is detected, DCRFELUPA's accumulated value 

is decremented by one. The counter done bit of DCRFELUPA is set to 1 if the accumulated 

value is greater than preset value 1 and less than preset value 2, otherwise it is set to 0. Channel 

7 is set to the UCREAGEP counter. UCREAGEP has a default value of 10. When the rising 

edge of the input signal is detected, the UCREAGEP accumulated value is increased by one. 

When the accumulated value is greater than or equal to the preset value, the UCREAGEP 

counter done bit is set to 1, otherwise it is set to 0. Channel 8 is set to the UCFELUPA counter. 

UCFELUPA's preset values 1 and 2 are 9 and 30, respectively. When the falling edge of the 

input signal is detected, the UCFELUPA accumulated value is increased by one. The counter 

done bit of UCFELUPA is set to 1 if the accumulated value is greater than preset value 1 and 

less than preset value 2, otherwise it is set to 0. Channel 9 is set to the UCRFEALEP counter. 

UCRFEALEP has a default value of 35. When a rising or falling edge of an input signal is 

detected, the accumulated value of UCRFEALEP is increased by one. When the total value is 

less than or equal to the preset value, the counter done bit of UCRFEALEP is set to 1; 

otherwise, it is set to 0. 
Table-3.1: Selection addresses of channels in proposed module. 

Sr. No. Channel Selection Address (d11-d8) 
1 Channel No.:1 0000 
2 Channel No.:2 0001 
3 Channel No.:3 0010 
4 Channel No.:4 0011 
5 Channel No.:5 0100 
6 Channel No.:6 0101 
7 Channel No.:7 0110 
8 Channel No.:8 0111 
9 Channel No.:9 1000 
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The addresses for channels in the proposed module are listed in table 3.1. The addresses of bits 

d11 to d8 determine which channels are selected. The addresses of various counters for 

channels are listed in table 3.2. The addresses of the bits d11 to d0 determine the channel 

counter selections. 
 Table-3.2: Counter selection address for channels. 

Sr. 
No. 

Name of 
Counter Address (d7-d0) Sr. 

No. 
Name of 
Counter Address (d7-d0) 

1 UCREAEP 00000000 19 UCREALEP  00000011 
2 UCFEAEP 00010000 20 UCFEALEP  00010011 
3 UCRFEAEP 00100000 21 UCRFEALEP  00100011 
4 DCREAEP 00110000 22 DCREALEP  00110011 
5 DCFEAEP 01000000 23 DCFEALEP  01000011 
6 DCRFEAEP 01010000 24 DCRFEALEP   01010011 
7 UCREALP 00000001 25 UCREAGEP  00000100 
8 UCFEALP 00010001 26 UCFEAGEP  00010100 
9 UCRFEALP 00100001 27 UCRFEAGEP   00100100 

10 DCREALP 00110001 28 DCREAGEP  00110100 
11 DCFEALP 01000001 29 DCFEAGEP  01000100 
12 DCRFEALP 01010001 30 DCRFEAGEP  01010100 
13 UCREAGP 00000010 31 UCRELUPA  00000101 
14 UCFEAGP 00010010 32 UCFELUPA  00010101 
15 UCRFEAGP  00100010 33 UCRFELUPA  00100101 
16 DCREAGP  00110010 34 DCRELUPA  00110101 
17 DCFEAGP  01000010 35 DCFELUPA  01000101 
18 DCRFEAGP  01010010 36 DCRFELUPA  01010101 

 
3.2.2.2 Implementation of proposed 9-channel HSC module on NI myRIO-1900 platform 

The proposed high-speed pulse counter module of PLC for pulse measurement application is 

dumped in the Xilinx Z-7010 FPGA using the NI myRIO-1900 platform, as shown in fig 3.23. 

The program is loaded into the NI-myRIO-1900 platform via a USB cable. The proposed 

module is also compatible with the NI myRIO-1950 platform. During the program dump 

process, the final device utilisation report of the proposed 9-channel HSC module for pulse 

measurement application inside FPGA is generated and reported in table 3.3. According to 

table 3.3, 99.7% of total slices, 28.2% of slice registers, 91.6% of slice LUTs, 8.3% of block 

RAMs, and 0% of DSPs are used in the development of the proposed 9-channel HSC module. 

Due to more than 100% device utilisation, the proposed 9-channel HSC module cannot be 

implemented inside the NI-myRIO-1900 platform for more channels. 
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Fig. 3.23: Device utilization of proposed 9-channel HSC module during dump process of program on NI 

myRIO-1900 platform. 
 

Table- 3.3: Final device utilization (placement) report of the proposed 9-channel HSC module. 
Sr. 
No. 

Parameters Available Used Used in 
Percentage 

1 Total Slices 4400 4387 99.7 
2 Slice Registers 35200 9926 28.2 
3 Slice LUTs 17600 16126 91.6 
4 Block RAMs 60 5 8.3 
5 DSP48s 80 0 0 

 

3.2.2.3 Comparative analysis 
The table 3.4 shows a comparison of the existing PLC HSC modules with the proposed FPGA-

PLC based 9-channels HSC module. The table 3.4 provides the comparative analysis of 

existing high-speed counters module developed by Delta, Mitsubishi electric corporation and 

Siemens with respect to numbers of channels, input signals type and maximum response 

frequency. The table 3.4 indicate that the existing PLC high-speed counter module support 

maximum 4 inputs counter channels with maximum response frequency 800kHz. The table 3.4 

also indicate that the existing PLC high-speed counter modules are capable for various input 

type such as a 1-phase 1-input, 1-phase 2-inputs and 2-phases 2-inputs. Compare to the existing 

modules reported in table 3.4, the proposed 9-channel HSC module support 9 inputs counter 

channels with maximum response frequency 20MHz. Each channel in the proposed 9-channel 

Laptop 

9-Channel HSC 
module GUI using 

LabVIEW 

NI myRIO-1900 

USB Cable 

Power Input Cable 

Device Utilization 
during dump process 

of program in NI 
myRIO-1900 platform 
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HSC module can select one counter from a collection of 36 counters, and they can detect 1-

phase 1-input signal but not 1-phase 1-input 3-output signals. Similarly, the proposed HSC 

module is implemented for individual 45 counters (thirty-eight counters for 1-phase 1-input 

and seven counters for 1-phase 2-input signals). The clock frequency of NI my-RIO 1900 

FPGA platform is 40MHz. The proposed module is developed with help of single cycle time 

loop in LabVIEW. Due to that, the proposed module is capable for scanning of all execution 

with in 25ns.  FPGAs can be modified to accommodate changes that may be required over time 

owing to changes in standards, system requirements, or specifications. As a result, systems 

built with FPGAs can be modified to match new system requirements, lowering the cost of 

long-term maintenance. In addition to cost-effectiveness, the proposed module can be modified 

based on the new applications after it has been manufactured.  

Table- 3.4: Comparison of existing PLC high-speed counter modules with proposed 9-channel HSC 
module. 

Sr. 
No. 

Series name and company 
name, High-speed counter 

Counter channels Input signals Maximum 
response  
frequency 

1 DVP-EH3 series, 
Delta Programmable Logic 
Controller, Hardware high 

speed counters [71] 
 

04 1-Phase 1-Input 200kHz 

1-Phase 2-Inputs 

2-Phase 2-Inputs 

2 DVP-SV2 series, Delta 
Programmable Logic 

Controller, Hardware high 
speed counters [72] 

02 
 

1-Phase 1-Input 200kHz 

1-Phase 2-Inputs 

2-Phase 2-Inputs 

3 FX3U-4HSX-ADP, 
Mitsubishi Electric 

Corporation, Hardware high 
speed counters [73] 

04 1-Phase 1-Input 200kHz 

1-Phase 2-Inputs 200kHz 

2-Phase 2-Inputs 100kHz 

4 6ES7550-1AA00-0AB0, 
SIMATIC S7-1500, 

Siemens, TM count 2x24V 
Counter module [74]  

02 1-Phase 1-Inputs 200kHz 

2-Phase 2-Inputs 800kHz 

5 Proposed multi-channel 
module 

09  
(Each channel has 

36 counters) 

1-Phase 1-Input 20MHz 

Proposed single-channel 
module 

01 
(Total 45 
individual 

counters are 
developed) 

1-Phase 1-Input and    
1-Phase 2- Inputs 
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3.3 Conclusion 

This chapter presents an FPGA-based implementation of an IEC 61131-3 compliant PLC 

counter operation. The proposed FPGA-PLC-HSC module is developed and simulated in 

LabVIEW based programming language and dumped in the NI-myRIO 1900 FPGA platform. 

The proposed FPGA-PLC-HSC module is suitable for high-speed pulse measuring applications 

with single or multiple channels. In 1-phase 1-input pulse input mode, thirty-eight counters are 

developed and simulated for the single channel application. Similarly, seven counters are 

developed and simulated in the 1-phase 2-inputs pulse input mode for the single channel 

application. The proposed HSC module is developed to operate as a multichannel FPGA-PLC-

HSC for pulse measurement applications. Each channel in a multi-channel HSC module 

supports a total of thirty-six counters selections. This allows users to select one counter per 

channel depending on their application requirements. Each channel in the proposed module can 

handle input signals with a fixed or variable frequency. The proposed module allows for a 

maximum input frequency of 20MHz for each channel, and counting the pulses counts 

accurately and updates outputs. The proposed module offers a scanning time of 25 ns for 

scanning all input status, performing execution based on user input programme, and updating 

all 9-channel outputs. The proposed multi-channel HSC module is simulated in LabVIEW 

FPGA and loaded into the NI-myRIO-1900 FPGA platform. The FPGA device utilisation is 

reported with respect to the NI-myRIO-1900 FPGA platform. The LabVIEW-GUI is developed 

for the proposed multi-channel HSC module and it is utilised to give a better user interface for 

monitoring and controlling the selection and values of various counters. With the help of 

simulation result and comparison analysis reported in table 3.4, the proposed module is faster, 

compact, cost-effective, user-friendly, simple, with a shorter scan time. The proposed FPGA-

PLC-HSC module performance with noise-corrupted input signals is still to be studied, and it 

will be included in the future research. Further research is being conducted on the detection of 

false triggers in extremely noisy inputs with possible distortions of impulses.  
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CHAPTER – 4 

MULTI-CHANNEL FPGA-PLC BASED HIGH-SPEED 
COUNTER MODULE FOR PULSE, SPEED, 

DIRECTION AND POSITION MEASUREMENT 
APPLICATION 

 
This chapter describes the architecture of the proposed FPGA-PLC high-speed 2-phases 2-

inputs counter, which is used for multi-channel pulse count, speed, direction and position 

measurement application. The proposed 9-channel PLC high-speed counter module is 

implemented on the NI-myRIO-1900 FPGA platform. This module is used to count the rising 

and/or falling edges of phase signals with 1X, 2X, and 4X resolution. This chapter also presents 

the simulation and experimental results. The comparative performance analysis of the proposed 

module with the existing modules are reported.  

 

4.1 Introduction 

The purpose of this research is to develop a versatile, high-speed, user-friendly, cost-effective, 

simple and compact FPGA-PLC based various modules that scan at a faster rate than a 

conventional PLC. FPGA-PLC modules based on parallelization mechanisms are presented in 

this study, which enhance conventional PLC performance and flexibility. In this chapter, an 

FPGA-based PLC multi-channel high-speed phase counter module is proposed to replace the 

conventional PLC high-speed phase counter module. With a faster scanning time, we proposed 

a multi-channel FPGA-PLC based high-speed 2-phases 2-inputs phase counter module with 

1X, 2X, and 4X resolutions. The proposed FPGA-PLC high-speed phase counter module is 

used in a wide range of industries, including food, metals, and electronics, petrochemicals, 

paint, pharmaceuticals and others. PLC phase counter modules are most commonly used in 

motion control applications. This module improves performance and flexibility in the areas of 

pulse count, position/phase, speed, and direction measurement applications. The apparatus and 

methods in the proposed module are intended to detect and count the edges of an incoming 

signal from an external source using resolution-based counters, and then accurately update the 

outputs. The proposed high-speed phase counter module has been developed and simulated 

inside the LabVIEW FPGA using a various method, including feedback node and shift register 

methods. The chapter also discusses the comparison of these methods, as well as the use of 
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FPGA-PLC high-speed phase counter module with device utilization resources. For the 

experimental validation of the proposed module, the NI-myRIO-1900 FPGA platform and 

Quanser d.c. motor encoder kit is used.  

In this study, the optical encoder is used to generate two phases and two inputs signals for 

various measurement applications. These signals are interfaced with the proposed multi-

channel high-speed phase counter module for position and direction measurement application. 

It can be used to measure count pulses and speed at high-speed. The author described a position 

detection circuit using an incremental type photoelectric encoder and an FPGA chip called 

APA300 in [75]. To determine the position of a movable object, an absolute type low-cost 

rotary encoder is used together with an AT89S52 microcontroller in conjunction with a PC 

RS232 port [76]. They used a LabVIEW-based software for the details analysis and calculation 

of the position of absolute disc. With the help of cylindrical coordinate color space 

transformation, the author in [77] used a rotary type absolute position sensor for the 0◦ to 360◦ 

measurement range. 

4.2 Materials  

4.2.1 Encoder 

The optical type digital encoders are used to translate linear or rotary motion to digital signals 

(1-Phase 1-Input or 1-Phase 2-Inputs or 2-Phases 2-Inputs). The precise position of the 

elements is calculated at predetermined sampling frequencies with the feedback elements like 

digital encoder in various motion control and other applications [79-80]. Motion control 

applications use information about the speed and/or position of moving parts (such as rotating 

or sliding parts) of an object. In encoders, pulse signals are generated based on the detected 

position and/or speed. In order to measure position more precisely, the encoder disc needs more 

quantized measurement slots. A modern encoder provides more increments per revolution to 

reduce quantization errors. In industrial robotics applications, a motor shaft position is 

measured with an incremental optical encoder that is mounted on a motor shaft as a position 

sensor [81]. A digital encoder generates a series of pulses proportionately, which can be 

counted to find out the direction and location, based on how many times the object moves. 

Various types of processing and manufacturing systems employ linear displacement sensors to 

control the position of milling heads or sensor probes. The paper [82] describes the 

development of a prototype, reflective-type optical encoder, which exhibits a ± 0.3 µm over a 

255 mm travel range. The authors describe an absolute type linear encoder with a greater 

accuracy of 1.65 m at speeds up to 3 m/s in their publication [83]. The encoder is used in a 
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variety of applications including medical science, vehicles, aircraft, motion control, plastics 

processing, robotics, woodcutting, stone cutting, packaging, textiles, fabrication of electronic 

chips and other. Most of the encoders available on the market are capable of counting up to a 

thousand counts per turn, equivalent to higher displacement measurements. A 125 kHz input 

frequency is used in encoders providing 2500 pulses per turn at a speed of 3000 rpm. A variety 

of digital hardware modules is used for the connection of encoder sensors, including PLCs, 

DSPs, computers, microcontrollers, and microprocessors [78]. Modern semiconductors can be 

designed with a single integrated circuit by using a reconfigurable FPGA device to interface 

with the external signals. The reference signal and the measured signal are used to produce the 

control signals for the various tasks. 

With this above discussion, the concept of a multi-channel encoder integrated circuit with a 

reconfigurable FPGA is proposed. The proposed module uses the optical incremental encoder 

M110960 (E8P-512-118-S-D-M-B) to measure position and direction. The PLC high-speed 

phase counter module based on LabVIEW-FPGA is employed to measure encoder signals. 

Furthermore, this module simulates the encoder pulse count of thousands to millions per turn 

for purposes of increasing accuracy in various measurement applications. 

4.2.2 Mathematical model of 2-phase 2-input incremental encoder 

Fig. 4.1 shows the output pulses of the increment type encoder, signal-A and signal-B, which 

are phase-shifted digital square waves 90° apart. The continuous-time heaviside step function 

[84] is used to represent the encoder digital pulses, which is denoted by u(t). 

A digital encoder's signal-A, consisting of period TA and Pulsewidth DTA, centered at nTA, is 

presented as follows: 

XA(tA) =  ( u [ tA− nTA +  ]  - u  [ tA − nTA−  ] )                             (4.1) 

where,  D = Duty Cycle =   = 50%  , TON = On Period of Pulse,  TOFF = OFF Period of 

Pulse and TA = Time Period of signal-A =    , FA = Frequency of signal-A. 

Similarly to an output signal-B of encoder has digital square waveform with same frequency 

FB (= FA) and phase shift  tθ = 90°. Therefore, A digital signal-B that has period TB and 

pulsewidth DTB, centered at nTB, is shown by 

XB(tB) = XA(tA + tθ) =  ( u [(tA + tθ) −nTB +  ]  - u [(tA + tθ) −nTB −  ]           (4.2) 

Where, TB = Time period of signal-B =  =   , FB = Frequency of signal-B = FA, So TA = 

TB. 
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Fig. 4.1. Waveform of 2-phase 2-input: Signal-A lead Signal-B. 

 
Fig. 4.2. Waveform of 2-phase 2-input in clockwise (Signal-A lead Signal-B) rotation and anticlockwise 

(Signal-B lead Signal-A) rotation. 

An incremental encoder has an input signal of angular position θ of its shaft with respect to a 

fixed reference axis. The output pulses of encoder have signal-A = XA(θ) and signal-B = XB(θ) 

with phase shift as shown in fig. 4.2.  

 

Signal in 1X Resolution is represented as   

X1X(θ)  = XA(θ)                               (4.3) 

Signal in 2X Resolution is represented as   

X2X(θ)  = XA(θ) ⊕ XB(θ) ; i.e X-OR logic of XA(θ) and XB(θ)                                            (4.4) 

Signal in 4X Resolution is represented as   

X4X(θ)  = X2X(θ)                    (4.5)  

 

The shaft is rotated clockwise and anticlockwise direction on the axis and the encoder output 

pulses are presented mathematically for case-1 and case-2, respectively. 

Case-1. Signal-A lead signal-B: Clockwise rotation of shaft 

XA(θ) = 1;     0 ≤ θ ˂  

          = 0;    ≤ θ ˂ θx                                         (4.6) 

XB(θ) = 1;     ≤ θ ˂  

          = 0;  0 ≤ θ ˂   and   ≤ θ ˂ θx                                       (4.7) 
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where θx is the rotational angular increment for the motor shaft. 

 

To calculate the encoder count pulses for 1X Resolution in Case-1, follow these steps: 

 

If the direction signal XD = 1 and detection of every rising edge of X1X(θ) is true then 

1X_Resolution_Count  = 1X_Resolution_Count  + 1.               (4.8) 

If the direction signal XD = 0 and detection of every rising edge of X1X(θ) is true then 

1X_Resolution_Count  = 1X_Resolution_Count  - 1.                                    (4.9) 

 

To calculate the encoder count pulses for 2X Resolution in Case-1, follow these steps: 

 

If the direction signal XD = 1 and detection of every rising edge of X2X(θ) is true then 

2X_Resolution_Count  = 2X_Resolution_Count  + 1.            (4.10) 

If the direction signal XD = 0 and detection of every rising edge of X2X(θ) is true then 

2X_Resolution_Count  = 2X_Resolution_Count  - 1.            (4.11) 

 

To calculate the encoder count pulses for 4X Resolution in Case-1, follow these steps: 

 

If the direction signal XD = 1 and detection of every rising and falling edge of X2X(θ) is true 

then 

4X_Resolution_Count  = 4X_Resolution_Count  + 1.            (4.12) 

If the direction signal XD = 0 and detection of every rising and falling edge of X2X(θ) is true 

then 

4X_Resolution_Count  = 4X_Resolution_Count  - 1.            (4.13) 

 

The angular position of a DC motor shaft is determined by counting the number of pulses 

(∑Ncwi) in a clockwise direction. 

For 1X Resolution, the encoder counting number of pulses is  

∑Ncwi  = 1X_Resolution_Count                                                                (4.14) 

For 2X Resolution, the encoder counting number of pulses is  

∑Ncwi  = 2X_Resolution_Count                                                                                      (4.15) 

For 4X Resolution, the encoder counting number of pulses is  

∑Ncwi  = 4X_Resolution_Count                                                                                       (4.16) 
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Case.2. Signal-B lead signal-A: Anticlockwise rotation of shaft 

XA(θ) = 1    ;      ˂ -θ ≤                   

          = 0    ;       ≤ -θ ≤ 0  and −θx ≤ −θ ˂                                      (4.17) 

XB(θ) = 1    ;    ˂ -θ ≤  0 

          = 0    ;  −θx ˂ -θ ≤                   (4.18) 

  

To calculate the encoder count pulses for 1X Resolution in Case-2, follow these steps: 

 

If the direction signal XD = 0 and detection of every falling edge of X1X(θ) is true then 

1X_Resolution_Count  = 1X_Resolution_Count  + 1.                                  (4.19)  

If the direction signal XD = 1 and detection of every falling edge of X1X(θ) is true then 

1X_Resolution_Count  = 1X_Resolution_Count  - 1.                      (4.20) 

         

To calculate the encoder count pulses for 2X Resolution in Case-2, follow these steps: 

 

If the direction signal XD = 0 and detection of every falling edge of X2X(θ) is true then 

2X_Resolution_Count  = 2X_Resolution_Count  + 1.                        (4.21) 

If the direction signal XD = 1 and detection of every falling edge of X2X(θ) is true then 

2X_Resolution_Count  = 2X_Resolution_Count  - 1.                        (4.22) 

 

To calculate the encoder count pulses for 4X Resolution in Case-2, follow these steps: 

 

If the direction signal XD = 0 and detection of every rising and falling edge of X2X(θ) is true 

then 

4X_Resolution_Count  = 4X_Resolution_Count  + 1.                       (4.23)  

If the direction signal XD = 1 and detection of every rising and falling edge of X2X(θ) is true 

then 

4X_Resolution_Count  = 4X_Resolution_Count  - 1.                       (4.24) 

The angular position of a DC motor shaft is determined by counting the number of pulses 

(∑Nccwj) in an anticlockwise direction 

 

For 1X Resolution, the encoder counting number of pulses is  
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∑Nccwj  = 1X_Resolution_Count                                                  (4.25) 

For 2X Resolution, the encoder counting number of pulses is  

∑Nccwj = 2X_Resolution_Count                                                                                      (4.26) 

For 4X Resolution, the encoder counting number of pulses is  

∑Nccwj  = 4X_Resolution_Count                                                                           (4.27) 

 

The θ2x and θ4x are the increments of the rotation angle for two and four edges, respectively. 

Each encoder pulse corresponds to a certain number of graduation steps along the circular track 

around the rotor shaft. 

  

The number of encoder pulses generated per revolution for 1X, 2X and 4X resolution are 

denoted as Nr, Nr2x and Nr4x, respectively, and defined as  

Nr =  ×                                           (4.28) 

Nr2x =  ×                                                       (4.29) 

Nr4x =  ×                                           (4.30) 

In eq. (4.29) θ  =   and in eq. (4.30) θ  = .                    

With the help of eq. (4.14) to eq. (4.16)) and eq. (4.25) to eq. (4.27)), the angular position of 

d.c. motor shaft is defined as 

θ = θx ∑ 푁cwi  -  θx ∑ 푁ccwj                                      (4.31) 

θ = θx (∑ 푁cwi  -  ∑ 푁ccwj)                                            (4.32) 

θ = θx 푁                                                                                               (4.33) 

where, N = (∑ 푁cwi  -  ∑ 푁ccwj). 

4.3 Methods 

4.3.1 Methodology and architecture of the proposed FPGA-PLC high-speed phase 

counter module 

Fig. 4.3 depicts the proposed multi-channel FPGA-PLC high-speed phase counter module 

methodology. With the help of LabVIEW, this module is configured on the NI myRIO-1900 

FPGA hardware. In LabVIEW, the user interface is created on the front panel, while logic is 

implemented on the back panel. The proposed architecture expresses the potential to serve as 

an FPGA-PLC high-speed phase counter module once the FPGA is properly set, providing 

higher performance and flexibility. The location of the d.c. motor is detected with 512 
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counts/revolution using an optical encoder type sensor. This sensor is situated on the d.c. 

motor's shaft. 

 
 
 
 
 
 
 
  
 
 

 

 

Fig. 4.3. Proposed multi-channel FPGA-PLC high-speed phase counter module methodology. 

For 1X, 2X, and 4X resolution, eq. 4.28-4.30 is used to compute the number of encoder pulses 

generated every revolution and defined as  

Nr = 512 counts/revolution                                          (4.34) 

Nr2x = 2 × Nr = 1024 counts/revolution                                     (4.35) 

Nr4x = 4 × Nr = 2048 counts/revolution                                   (4.36) 

By applying eq. (4.28) to eq. (4.30) and eq. (4.34) to eq. (4.36) in 1X, 2X, and 4X resolutions, 

the rotation angle increments are θx = 0.703125°, θx2 = 0.3515625°, and θx4 = 0.17578125°, 
respectively. 

As a result of the encoder's phase-shift, the A and B signals are phase-shifted by 90◦ depending 

on the position of the shaft. Through signal conditioning circuits, the FPGA-PLC high-speed 

phase counter module receives the phase signals. This module counts the edges of d.c. motor 

signals (rising and/or falling) based on 1X, 2X, and 4X resolutions, in addition to finding the 

shaft position more accurately. GUI provides 1X, 2X, and 4X resolution shaft position 

monitoring for d.c. Motors. Furthermore, it is used to control the preset count, the signal 

direction of phases A and B, as well as the ability to reset the count. Fig. 4.4 depicts the 
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proposed FPGA-PLC high-speed counter module's multi-channel architecture with an interface 

circuit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4. Proposed multi-channel architecture for FPGA-PLC high-speed phase counter module. 

An optical encoder's operating voltage range is 3.3V to 5V. Ten 100kΩ resistors (R) have been 

added as a pulled up for the encoder-generated phase A and B signals. It has been observed 

that the output and input lines of NImyRIO-1900 board are floating, and they are floating 

toward the pull resistor. These situations occur when the myRIO device is starting up, when 

the line is configured as an input, and when the myRIO device is powering down. A stronger 

resistor can be added to the input/output line of a digital device to make it float oppositely 

[166]. Edge detection modules for FPGA are implemented for 1X, 2X, and 4X resolutions with 

directional control. There are four, two, and one transitions in 4X, 2X, and 1X resolutions, 
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respectively, in one period of the two-phase inputs A and B signals. To reset the count value to 

zero, use the reset input command. 

 
 Fig. 4.5. Pulse counting with 1X, 2X and 4X resolution for clockwise rotation of d.c. motor shaft.  

 
Fig. 4.6. Pulse counting with 1X, 2X and 4X resolution for an anticlockwise rotation of d.c. motor shaft. 

Depending on the direction controlling signal, the encoder pulse count value is incremented or 

decremented. The encoder count value is calculated based on the edges using the 1X, 2X, and 

4X edge detection blocks. The multi-channel comparator and position calculation block receive 

this multi-channel encoder count result. The comparators compare the preset count value with 
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the encoder count value and update the counter done bit status for each channel. The position 

computation block calculates the location of the d.c. motor shaft for each channel using the 1X, 

2X, and 4X resolutions. The encoder pulses are calculated with respect to 1X, 2X, and 4X 

resolutions using mathematical modelling of the clockwise rotation of a d.c. motor shaft, as 

shown in fig. 4.5. The signal-A is 90 degrees ahead of the signal-B as the d.c. motor shaft 

rotates clockwise. 

The FPGA-PLC high-speed phase counter module is utilized in the 1X resolution to 

increase or decrease the value of 1X resolution count depending on the rising edges of signal 

X1X(θ) and the detection of low or high logic of the directional signal XD. The proposed module 

is utilised in the 2X resolution to increase or decrease the value of 2X resolution count 

depending on the rising edges of signal X2X(θ) and detection of the low or high logic of the 

directional signal XD. The proposed module is used to increase or decrease the 4X resolution 

count value based on the rising and falling edges of signal X2X(θ) and the detection of the low 

or high logic of the directional signal XD in the 4X resolution. 

The encoder pulses are computed with reference to 1X, 2X, and 4X resolutions using 

mathematical modelling of the anticlockwise rotation of a d.c. motor shaft, as shown in fig. 

4.6. The signal-B is 90 degrees ahead of the signal-A as the d.c. motor shaft rotates 

anticlockwise. The FPGA-PLC high-speed phase counter module is utilized in the 1X 

resolution to increase or decrease the value of 1X Resolution count based on the falling edges 

of signal X1X(θ) and detection of the low or high logic of directional signal XD. This module 

increases or decreases the 2X resolution count number depending on the falling edges of signal 

X2X(θ) and detection of the low or high logic of directional signal XD in the 2X resolution. The 

proposed module is used to increase or decrease the 4X resolution count value based on the 

rising and falling edges of signal X2X(θ) and the detection of the low or high logic of directional 

signal XD in the 4X resolution.  

4.4 Results and discussion 

4.4.1 Simulation results 

The signal-A is 90 degrees ahead of the signal-B as the d.c. motor shaft rotates clockwise. The 

FPGA-PLC high-speed phase counter module is utilised in the 1X resolution to increase or 

decrease the value of 1X_Resolution_Count depending on the rising edges of signal X1X(θ) and 

the detection of low or high logic of the directional signal XD. Fig. 4.7 shows the simulation 

results of a clockwise rotation of a d.c. motor shaft with phase signal-A and signal-B encoders 

for 1X counting resolution (called normal frequency). The simulation results show that the 
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proposed module can handle the maximum supporting input frequencies (fin) and counting 

frequencies (fc) up to 6.67MHz of the input phase signal-A and signal-B. It also mentions that 

the proposed module has a scanning time (tst) of 25ns at 1X resolution. 

 
Fig. 4.7. Signal-A lead Signal-B with direction control (1X resolution, Phase-shift is 90◦). 

 
Fig. 4.8. Signal-A lead Signal-B (2X resolution, Phase-shift is 90◦). 

 
Fig. 4.9. Signal-A lead Signal-B (4X resolution, Phase-shift is 90◦). 

The proposed module is utilised in the 2X resolution to increase or decrease the value of 

2X_Resolution_Count depending on the rising edges of signal X2X(θ) and detection of the low 

or high logic of the directional signal XD.  Fig. 4.8 shows the simulation results of a clockwise 

rotation of a d.c. motor shaft with phase signal-A and signal-B encoders for 2X counting 

resolution (also known as double frequency). The simulation results show that the proposed 

module can handle the maximum supporting input frequencies (fin) upto 6.67MHz and counting 

frequencies (fc) upto 13.34MHz of the input phase signal-A and signal-B. It also mentions that 

the proposed module has a scanning time (tst) of 25ns at 2X resolution. 

The proposed module is utilised in the 4X resolution to increase or decrease the value of 

4X_Resolution_Count depending on the rising and falling edges of signal X2X(θ) and detection 

of the low or high logic of the directional signal XD.  Fig. 4.9 presents the simulation results of 
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a clockwise rotation of a d.c. motor shaft with phase signal-A and signal-B encoders for 4X 

counting resolution (also known as fourth frequency). The simulation results show that the 

proposed module can handle the maximum supporting input frequencies (fin) upto 6.67MHz 

and counting frequencies (fc) upto 26.68MHz of the input phase signal-A and signal-B. It also 

mentions that the proposed module has a scanning time (tst) of 25ns at 4X resolution. 

Some manufacturers [85-92] have now created high-resolution rotary or linear optical or 

magnetic incremental encoders with a resolution of more than 10,000 CPR (Counts Per 

Revolution). The outputs of these incremental encoders are pulse A and pulse B. With square 

wave output, several cost-effective encoders provide better resolution, such as 262,144 CPR, 

524,288 CPR, and 3,600,000 CPR. These high-resolution encoders are utilised in applications 

that need precise control of speed, position, and direction. It's also utilised for very low-speed 

control. 
Table 4.1: Analysis of the proposed module with different motor speed, counting frequency and resolutions 
(with respect to simulation results). 

Sr. 
No. 

Encoder Counts Per 
Revolution (CPR) 

Maximum 
supporting 

speed of 
motor in 

RPM 

Resolution in degree Counting frequency 
in MHz 

1X 2X 4X 1X 2X 4X 1X 2X 
 

4X 
 

1 512 1024 2048 77000 0.7031 0.3516 0.1758 6.57 13.14 26.28 
2 10000 20000 40000 4000 0.036 0.018 0.009 6.66 13.33 26.66 
3 131072 262144 524288 300 0.0027 0.0014 0.0007 6.55 13.10 26.21 
4 900000 1800000 3600000 44 0.0004 0.0002 0.0001 6.60 13.20 26.40 

 

The simulation results are documented in table 4.1 and used for a comparative analysis of the 

proposed FPGA-PLC high-speed phase counter with resolutions of 1X, 2X, and 4X. It looked 

at the proposed module's performance under various d.c. motor speeds, counting frequencies, 

and resolutions. The proposed FPGA-PLC high-speed phase counter module is used to a 

variety of position and speed measuring applications and is summarised for various scenarios. 

Case.1. Higher resolution and lower speed:  

The simulation results showed that the proposed FPGA-PLC high-speed phase counter module 

is capable of measuring the position of a d.c. motor shaft with greater precision and at a lower 

speed. According to simulation findings, the proposed module measured position 0.0004°, 

0.0002°, and 0.0001° in 1X, 2X, and 4X resolution, respectively, at low speeds. The encoder 

has 900000, 1800000, and 3600000 CPR in 1X, 2X, and 4X resolution, respectively, for a low 

speed (44 RPM) application. The proposed module featured a faster scanning time, maximum 

supporting input frequency, and counting frequency of up to 25ns, 6.60MHz, and 26.40MHz, 

according to the simulation findings. 
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Case.2. Lower resolution and higher speed:  

The simulation results showed that the proposed FPGA-PLC high-speed phase counter module 

is capable of monitoring the position of a d.c. motor shaft with lesser precision and higher 

speed in this scenario. The proposed module measured position 0.7031°, 0.3516°, and 0.1758° 

in 1X, 2X, and 4X resolution, respectively, at high-speed application, according to simulation 

findings. The encoder has 512, 1024, and 2048 CPR in 1X, 2X, and 4X resolution, respectively, 

for high-speed (77000 RPM) applications. The proposed module featured a faster scanning 

time, maximum supporting input frequency, and counting frequency of up to 25ns, 6.57MHz, 

and 26.28MHz, according to the simulation findings. 

Case.3. Medium resolution and medium speed:  

The simulation results showed that the proposed FPGA-PLC high-speed phase counter module 

is capable of monitoring the position of a d.c. motor shaft with medium resolution and medium 

speed in this scenario. According to simulation findings, the proposed module measured 

position 0.036°, 0.018°, and 0.009° in 1X, 2X, and 4X resolution at medium speed. The encoder 

has 10000, 20000, and 40000 CPR in 1X, 2X, and 4X resolution for medium speed (4000 

RPM) applications, respectively. The proposed module featured a faster scanning time, 

maximum supporting input frequency, and counting frequency of up to 25ns, 6.66MHz, and 

26.66MHz, according to the simulation findings. 

4.4.2 Experimental results 

The proposed high-speed phase counter module of PLC is developed in the cost-effective 

Xilinx Z-7010 FPGA with the help of the national instrument myRIO-1900 platform. This 

architecture might also be implemented inside the low-cost NI myRIO-1950. Depending on 

standards, system requirements, or specifications changes over time, FPGAs can be modified 

to accommodate those changes. Thus, FPGA-based systems can be reprogrammed to adapt to 

new system requirements, thereby lowering maintenance costs. The proposed module can be 

easily adapted to meet the requirements of the new applications after the manufacturing 

process. This makes it cost-effective, as the functionality can be changed after the 

manufacturing process. An experimental demonstration of the proposed high-speed phase 

counter module is performed on a Quanser QNET 2.0 dc motor board. The d.c. motor is coupled 

to an encoder. In the proposed work, we only use a d.c. motor with an encoder for our 

experimental setup. The proposed high-speed phase counter module with resolutions of 1X, 

2X, and 4X is used to count encoder pulses. The encoder generates 512 counts every rotation. 

The proposed module evaluates encoder pulses in terms of resolution. The proposed module is 
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used to measure 512, 1024, and 2048 counts per revolution in 1X, 2X, and 4X resolutions, 

respectively. The proposed module measured the position of the d.c. motor shaft in 1X, 2X, 

and 4X resolutions based on the encoder's measured pulse counts. In 1X, 2X, and 4X 

resolutions, the minimum position detected by the proposed module for this encoder is 0.7031°, 

0.3516°, and 0.1758°, respectively. The proposed module can also detect the direction of the 

d.c. motor shaft. The proposed module used the direction signal to measure the d.c. motor 

direction. The table 4.2 lists the rated parameters of the d.c. motor in terms of rated speed, 

stator pole pitch, load, and other factors. The Quanser QNET 2.0 d.c. motor board is interfaced 

with proposed LabVIEW-FPGA based GUI using a USB cable for measurement of speed, 

direction, pulse and position measurement. 
Table 4.2: Specifications of d.c. motor setup. 

Sr. No. Specifications Values 
1 d.c. motor nominal input voltage 18 V 
2 d.c. motor nominal speed 3050 RPM 
3 d.c. motor nominal current 0.54 A 
3 d.c. motor torque constant 0.042 Nm/A 
4 d.c. motor terminal resistance 8.4 Ω 
5 d.c. motor rotor inertia 4.0 x 10-6 kg.m² 
6 Cogging No 
7 Stator Pole Pitch 180° 
8 Weight of disc load 53.35 gram 

 
Table 4.3: Comparison analysis for position measurement of d.c. motor shaft with different resolutions 
(channel 1 to 3).  

Sr. 
No. 

True 
position in 

degree 

Measure 
position 

with     1X 
resolution 
in degree 

(Channel-1) 

Measure 
position 

with    2X 
resolution 
in degree 

(Channel-2) 

Measure 
position 
with 4X 

resolution 
in degree 

(Channel-3) 

Error in 
degree with 

1X 
resolution 

(Channel-1) 

Error in 
degree with 

2X 
resolution 

(Channel-2) 

Error in 
degree with 

4X 
resolution 

(Channel-3) 

1 0 0 0 0 0 0 0 
2 10.032 9.8437 10.1875 10.0156 -0.1883 0.1555 -0.0164 
3 20.064 19.6875 20.0312 20.0312 -0.3765 -0.0328 -0.0328 
4 30.448 30.2344 30.5938 30.4062 -0.2136 0.1458 -0.0418 
5 39.6 39.375 39.7188 39.5469 -0.225 0.1188 -0.0531 
6 50.16 49.9242 50.2812 50.0938 -0.2358 0.1212 -0.0662 
7 60.72 60.4688 60.8125 60.6406 -0.2512 0.0925 -0.0794 
8 70.752 70.3125 70.6562 70.6562 -0.4395 -0.0958 -0.0958 
9 80.784 80.1562 80.5 80.6875 -0.6278 -0.284 -0.0965 

10 90.64 90 90.3438 90.5312 -0.64 -0.2962 -0.1088 
11 99.792 99.1406 99.5 99.6719 -0.6514 -0.292 -0.1201 
12 111.056 110.391 110.75 110.922 -0.665 -0.306 -0.134 
13 121.616 120.938 121.281 121.469 -0.678 -0.335 -0.147 
14 130.768 130.078 130.438 130.609 -0.69 -0.33 -0.159 
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15 139.216 138.516 138.875 139.047 -0.7 -0.341 -0.169 
16 150.48 149.766 150.125 150.297 -0.714 -0.355 -0.183 
17 159.632 158.906 159.25 159.438 -0.726 -0.382 -0.194 
18 170.896 170.156 170.5 170.906 -0.74 -0.396 0.01 
19 181.456 180.703 181.062 181.234 -0.753 -0.394 -0.222 
20 190.608 189.844 190.188 190.375 -0.764 -0.42 -0.233 
21 201.168 200.391 200.75 200.922 -0.777 -0.418 -0.246 
22 211.728 210.938 211.281 211.469 -0.79 -0.447 -0.259 
23 220.88 220.078 220.438 220.609 -0.802 -0.442 -0.271 
24 230.032 229.219 229.562 229.75 -0.813 -0.47 -0.282 
25 240.592 239.766 240.125 240.297 -0.826 -0.467 -0.295 
26 250.448 249.609 249.969 250.141 -0.839 -0.479 -0.307 
27 261.008 260.156 260.5 260.688 -0.852 -0.508 -0.32 
28 269.456 268.594 268.938 269.125 -0.862 -0.518 -0.331 
29 282.128 281.25 281.594 281.781 -0.878 -0.534 -0.347 
30 291.28 290.391 290.75 290.922 -0.889 -0.53 -0.358 
31 299.728 298.828 299.188 299.359 -0.9 -0.54 -0.369 
32 310.992 310.078 310.638 310.609 -0.914 -0.354 -0.383 
33 321.552 320.625 320.629 321.156 -0.927 -0.923 -0.396 
34 331.408 330.46 330.812 331 -0.948 -0.596 -0.408 
35 341.264 340.312 340.656 340.844 -0.952 -0.608 -0.42 
36 350.416 349.453 349.812 349.984 -0.963 -0.604 -0.432 
37 360 360 360 360 0 0 0 

 

Fig. 4.10 shows the architecture for a three-channel position measurement system with various 

resolutions for hardware implementation. For position measurement, an optical encoder is 

attached to channels 1 to 3. For edge identification, counts computation, direction, and position 

measurement, the encoded data from channel-1 to channel-3 is supplied to 1X, 2X, and 4X 

resolution blocks. Table 4.3 shows the results of three channels of d.c. motor shaft location 

with various resolutions. 

Fig. 4.11 shows the experimental setup for a three-channel position measurement system with 

varying resolutions. An encoder provides two output pulse signals at 90◦ phase-shift with 512, 

1024, and 2048 CPR depending on the position and direction of the d.c. motor shaft. The 

FPGA-PLC high-speed phase counter module counts 512, 1024, and 2048 CPR with 1X, 2X, 

and 4X resolution for each rotation (0◦–360◦) of the d.c. motor shaft. In 4X, 2X, and 1X 

resolution, the experimental findings were done for one complete optical encoder disc 

revolution with step size increments of 0.176◦ per count, 0.352◦ per count, and 0.703◦ per count, 

respectively. 
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Fig. 4.10. Architecture of three channels position measurement system with different resolutions for 

hardware implementation. 

 

Fig. 4.11. Experimental setup for three channels position measurement system with different resolutions. 

Fig. 4.12 depicts the static characteristics of the FPGA-PLC high-speed phase counter module 

in terms of real and measured position. Fig. 4.13 shows the error curve of the measured position 

vs the real position for 1X, 2X, and 4X resolutions. Every 10◦, the angle reference to the 

experimental output is gathered, and the error value is calculated by subtracting them. 
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Fig. 4.12. Static characteristic of FPGA-PLC high-speed phase counter module for position measurement 
with 1X, 2X and 4X resolution (Channel - 1 to 3). 

 

 
Fig. 4.13. Error curve of measured position with true position for 1X, 2X and 4X resolutions. 

In the proposed module, the mean square error for 1X, 2X, and 4X resolutions is 0.039760◦, 

0.024808◦, and 0.005884◦, respectively. The data in table 4.3, fig. 4.12, and fig. 4.13 show that 

the proposed module has a maximum error of ±0.963◦, ±0.608◦, and ±0.432◦ in 1X, 2X, and 4X 

resolution, respectively, and a resolution of 0.703◦, 0.352◦, and 0.176◦. In 1X, 2X, and 4X 

y = 0.9982x - 0.336
R² = 1

y = 0.9982x - 0.0005
R² = 1

y = 0.999x - 0.017
R² = 1

-50

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250 300 350 400M
ea

su
re

 V
al

ue
 o

f P
os

iti
on

 in
 D

eg
re

e

True Position in Degree

1X Resolution

2X Resolution

4X Resolution

y = -0.0018x - 0.336
R² = 0.4767

y = -0.0018x - 0.0005
R² = 0.5999

y = -0.001x - 0.017
R² = 0.677

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0 100 200 300 400

Er
ro

r i
n 

D
eg

re
e

True Position in Degree

Error in Degree for 1X, 2X and 4X Resolution Error in Degree 1X
Resolution

Error in Degree 2X
Resolution

Error in Degree 4X
Resolution

Linear (Error in
Degree 1X
Resolution)
Linear (Error in
Degree 2X
Resolution)
Linear (Error in
Degree 4X
Resolution)



 

90 
 

resolution, the proposed module 's accuracy is reported as ±0.2675 percent, ±0.1689 percent, 

and ±0.12 percent, respectively. 

The proposed FPGA-PLC high-speed phase counter module offers linearity for the coefficients 

of regression R2 = 1 in 1X, 2X, and 4X resolutions of y = 0.098264x-0.3360, y = 0.098264x-

0.0005, and y = 0.099264x-0.017. For the measurement range of 0◦ to 360◦, the accuracy and 

linearity stated in [76-77] are ±1◦% and R2 of 0.999, respectively. These findings show that the 

proposed FPGA-PLC high-speed phase counter module outperforms the work published in 

[76-77] in terms of accuracy and linearity. 

The work presented in [78] gives a microsecond scan time and a maximum support input 

frequency of less than 1MHz for phase A and phase B signals in a single channel. In 

comparison, the simulation results provided in fig. 4.9 demonstrate that the proposed module 

is more capable of managing the maximum supported input frequencies (fin) and counting 

frequencies (fc) of the input phase signals-A and phase signal-B with multiple channels. 

According to the simulation findings, the FPGA-PLC high-speed phase counter module has a 

good faster scanning time (tst = 25ns) and a greater resolution (0.0001◦) within its measurement 

range of 0◦–360◦. The fin and fc frequencies in the proposed module are up to 6.67MHz and 

26.68MHz, respectively. These findings show that the proposed module counting frequency fc 

is 2568 percent more than the author's work done in [78] and has a 10-channel interface 

capability. In comparison to the work described in [78], the proposed module offers greater 

flexibility in the form of a greater number of channels for multitasking applications, a quicker 

scanning time, and a wider range of input frequencies and counting frequencies. 

Using the LabVIEW-FPGA GUI, a better user interface is provided for monitoring and 

controlling the selection of the 1X, 2X, and 4X counters in the proposed multi-channel high-

speed phase counter module. Furthermore, the GUI is used to control the counter preset count, 

the signal direction of phases A and B, as well as the ability to reset the count. The reset channel 

button allows the user to reset the accumulated value of selected counters. The fig. 4.14 and 

fig. 4.15 show the LabVIEW-FPGA-based GUI used for the calculating edges of encoder pulse 

counts and measuring the position of a d.c. motor shaft with 1X, 2X, and 4X resolution. Fig. 

4.14 and fig. 4.15 show the data measurements for three and ten channels, respectively. The 

FPGA-PLC high-speed phase counter module is implemented using the feedback node and 

shift register methods in LabVIEW-FPGA. The data is transferred from one loop iteration to 

the next in the shift register method. The feedback node method is used to store data from 

earlier block diagram executions or loop iterations. It may also be used to sort and retrieve state 

data from earlier executions. Table 4.4 shows the hardware resource use of the FPGA-PLC  
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Fig. 4.14. The LabVIEW based GUI for position measurement of d.c. motor shaft with 1X, 2X and 4X 
resolutions (Channel-1 to 3). 

 

 
Fig. 4.15. The LabVIEW based GUI for a 10-channels position measurement system with 1X, 2X and 4X 

resolutions. 
high-speed phase counter module utilising the shift register and feedback node methods. The 

hardware resources are utilised in terms of slice registers, slice LUTs, block RAMs, and 

DSP48s. The space required for slice LUTs in the proposed architecture is up to 95.7216 

percent in the shift register approach and 95.6875 percent in the feedback node method, 

respectively. Similarly, the space needed for slice registers in the shift register and feedback 

node methods is up to 28.4119 percent and 28.4091 percent, respectively. Both methods use 

the same block RAMs and DSP48s block sources, which are 8.33 percent and 100 percent, 

respectively. The proposed module has a unique feature that it reduces device space. In slice 

registers and slice LUTs, the feedback node approach improves device space by 0.0028 percent 

and 0.0341 percent, respectively, over the shift register method.  
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Table 4.4: Final device utilization (placement) report for position measurement application. 

Sr. 
No. Parameters Available 

Using shift register 
method 

Using feedback node 
method 

Space 
improvement 
in percentage 

using feedback 
node 

Used Used in 
percentage 

Used Used in 
percentage 

1 Slice Registers 35200 10001 28.4119 10000 28.4091 0.0028 
2 Slice LUTs 17600 16847 95.7216 16841 95.6875 0.0341 
3 Block RAMs 60 5 8.333333 5 8.33333 0 
4 DSP48s 80 80 100.0000 80 100.0000 0 
 
Table 4.5: Comparative analysis of existing PLC high-speed phase counter modules with proposed module 
[93-99]. 

Sr. 
No. 

Unit name (with 
company name) and 

model no. 

Counter 
channel Input signals Input form Pulse input method 

Maximum 
response  
frequency 

1 
Incremental Encoder 
Input-Unit (Omron) 

NX-EC0112 
01 Phases Signal-A, 

B & Z 24 V D.C. 

Phase signal - X2 & 
X4, Direction inputs,  

Increment and 
Decrement pulse 

input 

Single-Phase: 
500kHz Phase 

differential pulse 
input X4: 125kHz  

 

2 
Incremental Encoder 
Input-Unit (Omron) 

NX-EC0122 
01 Phases Signal-A, 

B & Z 24 V D.C. 

Phase signal - X2 & 
X4, Direction inputs,  

Increment and 
Decrement pulse 

input 

Single-Phase: 
500kHz Phase 

differential pulse 
input X4: 125kHz  

3 
Incremental Encoder 
Input-Unit (Omron)   

NX-EC0132 
01 Phases Signal-A, 

B & Z 
Input from 

line receiver  

Phase signal - X2 & 
X4, Direction inputs,  

Increment and 
Decrement pulse 

input 

Single-Phase: 4MHz 
Phase differential 
pulse input X4: 

1MHz  

4 
Incremental Encoder 
Input-Unit (Omron) 

NX-EC0142 
01 Phases Signal-A, 

B & Z 
Input from 

line receiver 

Phase signal - X2 & 
X4, Direction inputs,  

Increment and 
Decrement pulse 

input 

Single-Phase: 4MHz 
Phase differential 
pulse input X4: 

1MHz  

5 
Incremental Encoder 
Input-Unit (Omron) 

NX-EC0212 
02 Phases Signal-A, 

B & Z 24 V D.C. 

Phase signal - X2 & 
X4, Direction inputs,  

Increment and 
Decrement pulse 

input 

Single-Phase: 
500kHz Phase 

differential pulse 
input X4: 125kHz  

6 
Incremental Encoder 
Input-Unit (Omron) 

NX-EC0222 
02 Phases Signal-A, 

B & Z 24 V D.C. 

Phase signal - X2 & 
X4, Direction inputs,  

Increment and 
Decrement pulse 

input 

Single-Phase: 
500kHz Phase 

differential pulse 
input X4: 125kHz  

7 
High Speed Counter 

Unit (Omron) 
CS1W-CT021 

02 Phases Signal-A 
& B 

Line driver 
signal from 
RS-422, 5V 
or 12V or 24 

V D.C. 
signal 

Phase signal, 
Direction inputs,  

Increment and 
Decrement pulse 

input 

500kHz max 

8 
High Speed Counter 

Unit (Omron) 
CS1W-CT041 

04 Phases Signal-A 
& B 

Line driver 
signal from 
RS-422, 5V 
or 12V or 24 

V D.C. 
signal 

Phase signal, 
Direction inputs,  

Increment and 
Decrement pulse 

input 

500kHz max 

9 Preset counters 
electronic (Baumer) 01 Phases Signal-A 

& B 24 V D.C. Adding or subtracting 
Difference counting 

15Hz, 10kHz (set by 
Dip switch) 
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NE210 A-B Total (parallel) 
A+B Up/Down A 90° 

B phase evaluation 

10 

Series 90TM-30 High 
Speed Counter (GE 
Fanuc Automation) 

GFK–0293C 

- 
 

Phases Signal-A 
& B 

5 or 10 or 
30 V D.C. 

Up/Down, 
Pulse/Direction, or A 

Quad B signals    
200kHz max 

11 
SIMATIC S7-1200 

(Siemens) 
CPU 1211C 

03 Phases Signal-A 
& B - - 

Single-Phase: 
100kHz Phase 

differential pulse 
input: 80kHz  

12 
SIMATIC S7-1200 

(Siemens) 
CPU 1212C 

04 Phases Signal-A 
& B - - 

Single-Phase: 
100kHz Phase 

differential pulse 
input: 80kHz  

13 
SIMATIC S7-1200 

(Siemens) CPU 
1214C 

06 Phases Signal-A 
& B - - 

Three  Counter with 
max. 100kHz and 
other three counter 
with max 30kHz 

14 

SIMATIC S7-
1500/ET 200MP 

Technology module 
TM Count 2x24V 

(Siemens) 
6ES7550-1AA00-

0AB0 
 

02 Phases Signal-A 
& B TTL 5 V 

Phase signal –X1,  
X2 & X4,  Direction 

inputs,  

Input frequency: 
200kHz, 

Counting frequency,  
max.: 800kHz; with 
quadruple evaluation 

15 

SIMATIC S7-
1500/ET 200MP 

Technology module 
TM PosInput 2 

(Siemens) 
6ES7551-1AB00-

0AB0 

02 Phases Signal-A 
& B TTL 5 V 

Phase signal –X1,  
X2 & X4,  Direction 

inputs,  

Input frequency:  
1MHz, 
Max 

Counting frequency,  
max.: 4MHz; with 

quadruple evaluation 

16 MicroLogix 1200 01 Phases Signal-A 
& B - - 20kHz 

17 
MicroLogix 1500 

1764-LRP 02 Phases Signal-A 
& B - - 20kHz 

18 MicroLogix 1400 06 Phases Signal-A 
& B - - 100kHz 

19 

ABB CD522 encoder 
module 

High speed 
counter/encoder 

Integrated counters 

02 Phases Signal-A 
& B 

24 V D.C.  
5 V D.C. / 

Differential 
/ Sinus 1 

Vpp 

X1, X2, X4 300kHz 

20 
High speed counters 
for SC series MPU 
(Delta-DVP PLC) 

04 Phases Signal-A 
& B - - 50kHz 

21 

Improving the 
performance of 

incremental encoders 
with conditioning 
circuits based on 

FPGA [76] 

01 Phases Signal-A 
& B - X4 <1MHz 

22 

Proposed FPGA-
PLC high-speed 
phase counter 

module 

10                  
(With Each 

Channel 
have 1X, 

2X and 4X 
resolution 

Phases Signal-A 
& B TTL 5 V 

1X or X1, 2X or X2 
and 4X or X4 

Resolution 
and Direction Control 
with/without Inverted 

phase signal (Up 

Input frequency:  
6.67MHz  

Max 
Counting frequency 
for 4X: 26.68MHz 
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selection 
facility)  

Counter, Down 
Counter) 

2X: 13.34MHz 
1X: 6.67MHz 

Scanning Time = 
25ns 

 

The current PLC-HSC modules are manufactured by a number of firms, including Omron, 

Siemens, Baumer, GE Fanuc Automation, Delta, ABB, MicroLogix, and others [93-99]. The 

table 4.5 shows a comparison of existing PLC-HSC modules with the proposed FPGA-PLC 

high-speed phase counter module. A comparison of the proposed module to the existing PLC-

HSC module shows that it provides a greater number of input and output channels (upto 10 

channels), faster scanning times (25ns), cost-effectiveness solution, higher resolutions, and a 

greater maximum input frequency and counting frequency. The simulation results shows that 

the proposed module measure maximum input frequency upto 6.67MHz and counting 

frequency upto 6.67MHz, 13.34MHz and 26.68MHz in 1X, 2X and 4X resolution, respectively. 

The proposed module also capable for measurement of phase angle in forward as well reverse 

direction. The proposed module has a constraint in that it cannot integrate a three-phase (signal-

A, signal-B, and signal-Z) encoder. The clock frequency of the NI my-RIO 1900 FPGA 

platform is 40MHz. The proposed module is developed with help of single cycle time loop. 

Therefore, the proposed module is capable of scanning all executions within 25ns. For scanning 

all input statuses, executing based on user input, and updating all output channels, the proposed 

module offers a scanning time of 25ns. The proposed high-speed phase counter module 

achieves the higher performance speed due to parallel device structure of FPGA. 

4.5 Conclusion 

In this chapter, a high-speed 2-phases 2-inputs counter module for PLCs is developed, 

simulated, and tested on d.c. motor phase measurement application with 1X, 2X, and 4X 

resolutions using NI my-RIO FPGA platform. The GUI of the proposed FPGA-PLC high-speed 

phase counter module is developed using LabVIEW for 1X, 2X, and 4X resolutions. 

Furthermore, the simulation results show that the proposed FPGA-PLC high-speed phase 

counter module has a shorter scanning time (25ns) and greater resolution (0.0001◦) within its 

measurement range of 0◦–360◦ than [78]. In comparison to [78], the proposed module provides 

a maximum supported input frequency and counting frequency of up to 6.67MHz and 

26.68MHz, respectively. In addition to our simulation results, the experimental results confirm 

those obtained using the NI myRIO-1900 FPGA platform. The experimental findings show 

that the proposed FPGA-PLC high-speed phase counter module outperforms in terms of 

accuracy and linearity compare to work presented in [76-77]. The FPGA-PLC high-speed 
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phase counter module is implemented using two ways, and their device utilization is compared 

and reported. Table 4.5 shows that the proposed module provides greater capability in input 

and output channels, faster scanning times, cost-effectiveness, better resolutions, and 

maximum supported input frequency and counting frequency, compared with the existing PLC-

HSC module. 
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CHAPTER – 5 

MULTI-CHANNEL FPGA-PLC BASED HIGH-
RESOLUTION TIMER MODULE 

 

The proposed FPGA-PLC high-resolution timer module, which is used for various 

measurement and control applications, is described in this chapter. On the NI-myRIO-1900 

FPGA platform, the proposed module is implemented. Various timer modules are 

implemented, simulated, and tested, with various resolution capabilities (Medium resolution 

timer modules: 1ms, 10ms, 100ms, and 1000ms; High-resolution timer modules: 50ns, 100ns, 

1µs, 10µs and 100µs).  

5.1 Introduction  

Existing Programmable Logic Controllers are widely utilised in the industry to perform 

numerous operations using a timer module. Due to fixed hardware and serial execution 

techniques, PLCs have limitations such as less flexibility, slower speed, and poor scanning 

time for faster and accurate applications. Low resolution timer modules with 1ms, 10ms, 

100ms, and 1000ms are available in existing PLCs. As a result, they aren’t employed in various 

applications such as power electronics, motion control and other that demand high-resolution 

delayed output or triggering signal generation and other. In [51], Dhanashri Gawali et al. 

introduced a micro-PLC architecture based on FPGA with various components in series and in 

parallel for each rung or network. The system shown in [51] must accomplish a 2.24-

microsecond scan time at 100MHz clock frequency in order to attain the highest achievable 

ladder logic. In [100], Ling Yu et al. offer a PLC timer system based on an ARM controller 

and FPGA hardware, in which the ARM controller executes the user application while the 

FPGA hardware runs the timer in parallel.  

The main contribution of this chapter is to develop medium-resolution and high-resolution 

based delayed timer modules of PLC. These modules are compliant of IEC 61131-3 and they 

are developed with help of reconfigurable Field Programmable Gate Array hardware. The 

proposed multi-channel FPGA-PLC high-resolution timer module is developed and simulated 

in LabVIEW-FPGA based programming language and loaded into the NI-myRIO-1900 FPGA 

platform. The present work relates to implementation of TON and TOFF timer modules, RTON 

(Retentive TON) and RTOFF (Retentive TOFF) timer module, Pulse timer and Oscillating 

timer module of PLC. Various timer modules with medium resolution (1ms, 10ms, 100ms, and 
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1000ms) and high-resolution (50ns, 100ns, 1µs, 10µs, and 100µs) capabilities are developed, 

simulated, and tested. The proposed high-resolution based delayed timer modules are 

developed using a high-speed counter-based technique within the LabVIEW FPGA’s Single 

Cycle Time Loop (SCTL). The proposed multi-channel FPGA-PLC high-resolution timer 

module, which can be used for a various measurement and control applications. This module 

can be used to generate high-resolution time delay pulses, square wave and precise triggering 

pulse generation, high-speed patten pulse generation and other. It can also be used to send a 

periodic interrupt signal to a processing unit or a one-shot interrupt signal with higher 

resolution after a predetermined time delay. It can be used for duration measurement and 

interval measurement applications. The proposed module enhances the performance and 

flexibility in term of multiple channels, better resolution, faster scanning time, better linearity, 

precise time delay generation. The FPGA device utilisation is reported with respect to the NI-

myRIO-1900 FPGA platform. The LabVIEW-GUI is developed for the proposed multi-

channel high-resolution timer module and it is used to give a better user interface for 

monitoring and controlling the selection and values of various timer time delay.  The proposed 

modules are implemented using the feedback node method and the shift register method in 

LabVIEW FPGA, and their device utilisation of both methods are compared. 

5.2 The proposed FPGA-PLC medium resolution timer module 

5.2.1 Architecture of the proposed FPGA-PLC medium resolution timer 

The proposed work focuses on development, simulation, and validation the PLC’s timer 

module on FPGA hardware. Fig 5.1 present architecture of the proposed FPGA-PLC timer 

module. After or before an input state turns on or off, the timer modules are used to delay action 

and maintain an output state ON or OFF for a given time interval. The timer modules TON, 

TOFF, RON, and RTOFF include information about the timer’s address, Base Time (BT), 

Preset Time (PRT), Accumulated Timing Value (ATV) or Elapsed Time (ET), Timer Enable 

(TEN), Timer Timing (TDN) and Timer Done (TDN).  

The time period of the timing circuit is specified by the PRT of the timer. Timer controller and 

timer modules such as TON, TOFF, RTON, RTOFF, PT, and OT are included in the FPGA-

PLC timer module. The timer controller starts accumulating ATV count based on the BT (1ms, 

10ms, 50ms and others) of the timer, compares ATV count to PRT count, and updates TDN to 

1 if both values are the same, otherwise to 0. Fig. 5.2 depicts the TON and RTON Delay 

operating flow chart. Similarly, fig. 5.3 depicts the operational flow chart for TOFF and 
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RTOFF Delay. The results of the timing operation would be saved in a RAM’s timer parameter 

list. 

 
Fig. 5.1. Architecture of the proposed FPGA-PLC medium resolution timer. 
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Fig.5.2. Operational Flow Chart of Timer ON (TON) 
and Retentive Timer ON (RTON) Delay. 

 
 

Fig. 5.3 Operational Flow Chart of Timer OFF (TOFF) 
and Retentive Timer OFF (RTOFF) Delay. 
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5.2.2 GUI of the proposed FPGA-PLC medium resolution timer 

Fig. 5.4 depicts the user interface for the proposed FPGA-based PLC medium resolution timer 

module, which is created using National Instrument LabVIEW software for Ladder Diagram 

(LD) based application development. A LabVIEW real time tool and LabVIEW FPGA tools 

are utilised to construct the LD and GUI. This GUI is used to provide timer functionality for 

various PLCs, such as TON, TOFF, RTON, and RTOFF, by adjusting the timer address, preset 

value, and based value of the timer. This concept is also utilised in the construction of additional 

PLC functions like as AND, OR, NOT, NAND, NOR, X-OR, X-NOR, PT, and OT.  Users can 

easily monitor and control all parameters of timers, as well as the status of analogue or digital 

I/Os, using this GUI. The proposed GUI interface is used for parameter monitoring and 

troubleshooting.  

5.2.3 Results and discussion of the proposed FPGA-PLC medium resolution timer 

In the industry, timer modules were created in accordance with IEC 61131-3 specifications by 

PLC manufacturers. In PLC applications, timing functions are crucial, and cycle times are 

critical in many processes. After or before an input state turns on or off, the timer modules are 

used to delay action and remain an output state ON or OFF for a given time interval. Fig. 5.5 

and table 5.1 show the symbolic representations of various timers and data types of timer 

modules, respectively. The timer’s address, time base, preset value, and accumulated value are 

all provided via the TON, TOFF, RTON, and RTOFF blocks. The timing circuit’s time length 

is determined by the timer's preset time. The PRT count is equal to the Timer Delay (TD) value 

divided by the TB or BT of the timer in this module for TON, TOFF, RTON, and RTOFF 

timers. If a TD of 11 seconds is needed, the timer will have a PRT count of 11 and a TB of 1 

second. The product of PRT count and TB determines TD. The ATV is the length of time that 

has passed since it was turned ON. The timers may be set to 1 second, 0.1 second, 0.01 second, 

or 0.001 second. If user set TB= 0.01sec and PRT= 400 count, the timer will have a TD of 4 

seconds (400 count x 0.01 sec = 4 sec). The timer in this proposed module offers the ability to 

pick alternative time base values such as 50ms, 75ms, and others. 
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Fig.: 5.4. Development of LabVIEW based GUI for the proposed FPGA-PLC medium resolution timer. 

 

 

Fig. 5.5. Symbollic representation of proposed timers module (a) TON timer (b) TOFF timer (c) PT 
timer (d) RTON timer (e) RTOFF timer (f) OT timer.  

   Table: 5.1. Data types of different timer module. 
 

Parameter 
 

Declaration 
Timers Data Type 

TON RTON TOFF RTOFF PT OT 

IN Input Boolean Boolean Boolean Boolean Boolean Boolean 

PRT Count 
= TD/BT 

Input Count Count Count Count Count Count 

ET or ATV Variable Time Time Time Time Time Time 

TDN Output Boolean Boolean Boolean Boolean Boolean Boolean 

TT Output Boolean Boolean Boolean Boolean - - 

TEN Output Boolean Boolean Boolean Boolean - - 

BT or TB Input Time Time Time Time Time Time 
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5.2.3.1 Timer ON delay (TON) 

The output TDN bit of the TON delay instruction (Non Retentive Timer) is set to 1 after the 

preset period of time delay when the input signal or start signal of the TON delay instruction 

(Non Retentive Timer) changes from 0 to 1. The ATV increment counting starts when the TON 

command is performed, and the TEN pin is set to 1. The enable TDN pin of the timer TON 

delay instruction will stay on as long as the block’s input logic is active. The timer, on the other 

hand, will stop timing whenever the total value of the timer matches the preset setting. When 

the TON delay instruction’s input signal changes from 1 to 0, the TEN and TDN pins of the 

TON delay are reset to 0, and the timer’s accumulated value is set to 0. When a new positive 

edge of signal is detected at the start input, the timer function is restarted. At the ET or ATV, 

the current time value or accumulated time value can be modified. As a result, this instruction 

is also known as a TON delay energise command. The GUI, LD and result of TON timer 

module are presented in fig. 5.6. The operation of the TON instruction with ladder diagram 

shown in fig. 5.6 (b), using a timing diagram shown in fig. 5.6 (c) to keep track of the input 

and outputs turn ON and OFF status. The ladder diagram shown in fig. 5.6 (b), indicate TON 

instruction as timer’s address is T1:0, PRT count is 200, TD is 200 msec and its TB is 1 msec.  

The following is how the TON instruction with ladder diagram works: When the timer's input 

is turned on, the TEN output is also turned ON. The timer will start timing when this happens, 

but the done output coil will stay turned OFF. The 200 msec delay implemented by the timer 

is the period between the timer being energized and the done output being energized. When the 

accumulated timing value matches the preset value, the TON will stop timing. The done TDN 

will turn on when the accumulated and preset values are equal, enabling the output coil that 

drives the output to turn ON. The TDN, and hence the output, will remain active until the TON 

block’s input is turned OFF. Everything in the ladder rung will turn OFF at that point, and the 

timer’s ATV count will be reset to zero. Fig. 5.6 (d-h) depicted the timing diagram of various 

time base values, time delays, and timer accumulated values. 

5.2.3.2 Timer OFF delay (TOFF) 

The TOFF instruction has two outputs, TDN and TEN, and provides information about the 

timer’s preset value, time delay value, base value, and accumulated value, similar to the TON 

instruction. Although a TOFF instruction looks similar to a TON instruction, it operates in a 

different way. After the timer block’s input goes OFF and a given delay has passed, a TOFF 

delay instruction de-energizes its TDN output. As a result, a TOFF delay de-energize 

instruction is also known as a TOFF delay instruction. Fig. 5.7 shows the TOFF timer module’s 
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GUI, LD, and results. The operation of the TOFF instruction with ladder diagram shown in fig. 

5.7 (b), using a timing diagram shown in fig. 5.7 (c) to keep track of the input and outputs turn 

ON and OFF status. The TOFF instruction is indicated by the ladder diagram in fig. 5.7 (b), 

where the timer’s address is T2:0, the PRT count is 10000, the TD is 10000 msec, and the TB 

is 1 msec. The TOFF instruction with a ladder diagram operates as follows: when the input 

logic is turned ON, both the TEN and TDN outputs of the block are turned ON. The timer, 

however, will not begin timing since it is expecting an OFF-input signal rather than an ON-

input signal. The TEN output will switch OFF when the TOFF block’s input signal is turned 

OFF, and the timer will begin timing. The TDN output will remain ON until the timer expires, 

at which point it will switch OFF. The timer will stop timing once the ATV count equals the 

PRT count, and the TDN output will switch OFF, completing the TOFF delay de-energizes 

function. As a result, the TDN bit behaves similarly to the timer’s input signal, with the 

exception that the done bit stays ON for the set delay period after the input signal is turned 

OFF. Until the input logic is turned back ON, all of the timer’s outputs will be turned OFF. 

The ATV count is reset to 0 at this moment. 

5.2.3.3 Retentive Timer ON delay (RTON) 

The output TDN bit of the RTON timer is changed to 1 after the predetermined length of preset 

time when the input signal or start signal of the RTON delay instruction (Retentive Timer) 

changes from 0 to 1 state. The ATV increment counting starts and the TEN pin is set to 1 when 

the RTON operation is performed. As long as the start input is 1, the TDN pin will remain at 

1. The TEN and TDN pins of the RTON delay are reset to 0 and the accumulated value of the 

timer is set to the latest time value when the input signal of the RTON delay instruction goes 

from 1 to 0 state (start timing again without its accumulated time value resetting to 0). When a 

subsequent positive edge of signal (low to high or ON to OFF) is detected at the start input, the 

timer function is restarted, and the accumulation time of the timer is resumed from the previous 

time count instead of the 0 msec time. At the ET output, the current time value or the 

accumulated time value can be modified. The TDN output will switch on when the accumulated 

value reaches the preset value. Even if the input logic and TEN outputs of a retentive timer 

switch off after it has timed out, the TDN output will stay ON. To turn the TDN bit off and 

reset the timer’s accumulated value, use a reset instruction. Fig. 5.8 shows the RTON timer 

timing diagram’s GUI, LD, and results. 

 

 



 

104 
 

5.2.3.4 Retentive Timer OFF delay (RTOFF) 

A RTOFF delay instruction, as seen in fig. 5.9, works similarly to a TOFF delay instruction. A 

retentive timer, on the other hand, can stop and start timing without the accumulated value 

resetting to zero. A retentive timer circuit and its timing diagram are shown in Fig. 5.9, and 

they function as follows: Both the TEN and TDN outputs of the RTOFF block will turn on 

when the input logic is turned on. The timer, however, will not begin timing since it is expecting 

an off-input signal rather than an ON-input signal. When the RTOFF block’s input is turned 

OFF, the TEN outputs are turned OFF, and the timer resumes timing from where it left off. The 

TDN output will remain ON since it is waiting for the timer to expire before turning OFF. 

When the ATV count equals the PRT count, the timer stops timing and the TDN outputs switch 

OFF, so implementing the RTOFF delay de-energizes function. Fig. 5.9 shows the GUI, LD, 

and results of the RTOFF timer timing diagram. 

(a) GUI of TON module (b) Ladder Diagram of TON module 

(c) Timing diagram with TB=1ms, TD=200ms 
 

(d) Timing diagram with TB=10ms, TD=200ms 
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(e) Timing diagram with TB=50ms, TD=5000ms 
 

(f) Timing diagram with TB=75ms, TD=7500ms 

 
(g) Timing diagram with TB=100ms, TD=2000ms 

 
 (h) Timing diagram with TB=1000ms, TD=10000ms 

Fig. 5.6. The GUI, LD and result of TON timer module. 

 
(a) GUI of TOFF module 

 
(b) Ladder Diagram of TOFF module 
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(c) Timing diagram with TB=1ms, TD=10000ms 

 
(d) Timing diagram with TB=10ms, TD=10000ms 

 
(e) Timing diagram with TB=50ms, TD=5000ms 

 
(f) Timing diagram with TB=75ms, TD=7500ms 

 
(g) Timing diagram with TB=100ms, TD=10000ms 

 
 (h) Timing diagram with TB=1000ms, TD=10000ms 

Fig. 5.7. The GUI, LD and Result of TOFF Timer module. 
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(a) GUI of RTON module 
 

(b) Ladder Diagram of RTON module 

(c) Timing diagram with TB=1ms, TD=10000ms (d) Timing diagram with TB=10ms, TD=10000ms 

(e) Timing diagram with TB=50ms, TD=5000ms (f) Timing diagram with TB=75ms, TD=7500ms 

(g) Timing diagram with TB=100ms, TD=10000ms 
 

 (h) Timing diagram with TB=1000ms, TD=10000ms 
Fig. 5.8. The GUI, LD and result of RTON timer module. 
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(a) GUI of RTOFF module 
 

(b) Ladder Diagram of RTOFF module 

(c) Timing diagram with TB=1ms, TD=7500ms 
 

(d) Timing diagram with TB=10ms, TD=7500ms 

(e) Timing diagram with TB=50ms, TD=7500ms 
 

(f) Timing diagram with TB=75ms, TD=7500ms 

(g) Timing diagram with TB=100ms, TD=7500ms  (h) Timing diagram with TB=1000ms, TD=10000ms 

Fig. 5.9. The GUI, LD and Result of RTOFF timer module. 
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5.2.3.5 Pulse timer 

The pulse timer instruction includes information of the timer’s preset value, time delay value, 

base value, and accumulated value with TDN output. The pulse timer may be used to create 

output pulses of a specific length of time. Fig. 5.10 shows the pulse timer’s GUI and timing 

diagram in terms of input, output, and ET or ATV. When the input signal is turned ON, the 

output signal is turned ON as well, and it stays ON for the pulse period defined by the timer 

delay value. The elapsed time ET or ATV is raised when the pulse output is turned ON. The 

elapsed time ET is reset when the pulse output is terminated. Regardless of the condition of the 

input signal, the output will remain ON until the pulse period has expired. 

 
Fig. 5.10. GUI and Timing diagram of pulse timer. 

5.2.3.6 Oscillator timer 

The oscillator timer instruction includes information about the timer’s preset time 0 and 1 

value, base value, and accumulated value with TDN, ET0, and ET1. The output of the 

Oscillator Timer is activated when the TDN output is ON. The oscillator timer is used to create 

pulse trains with specific ON and OFF periods and durations. As a result, the oscillator timer 

may be used to generate square waves of various frequencies for PWM applications such as 

controlling motors, heaters, and other appliances. Fig. 5.11 (a-c) depicts the oscillator timer’s 

GUI and timing diagram for several instances. The false (or OFF) time and true (or ON) time 

of the pulse are defined by the preset time 0 and preset time 1, respectively. The OFF-timing 

function is initiated when the input signal IN is true (ON), and so the elapsed time ET0 is raised. 

The output gets true (ON) and ET0 is cleared when the elapsed time ET0 meets the time 

provided by the preset time input PRT0. At the same time, the ON timing function is begun as 

long as the input signal is true (ON), increasing the elapsed time ET1. The output turns false 

(OFF) and ET1 is cleared when the elapsed time ET1 exceeds the time provided by the preset 

time input PRT1. Then it’s time to go on to the next step, which is to set the OFF and ON 
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timings. This procedure will continue to generate pulse trains based on PRT0 and PRT1 as long 

as the input signal IN stays true (ON). The output is made to be false (OFF) if the input signal 

IN goes and stays false (OFF).  

 
(a) 

 
(b) 

 
(c) 

Fig. 5.11. GUI and Timing diagram of oscillating timer (a) GUI and Timing diagram of OT with PRT0 = 
500ms and PRT1 = 800ms (b) Timing diagram of OT with PRT0 = 1000ms, PRT1 = 1000ms, Square 

wave generation of f=0.5Hz (c)Timing diagram of OT with PRT0 = 20ms, PRT1 = 20ms, Square wave 
generation of f=25Hz. 
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Fig. 5.11 (a) shows the OT GUI and timing diagram with PRT0 = 500ms and PRT1 = 800ms. 

Fig. 5.11 (b) shows the timing diagram of OT with PRT0 = 1000ms and PRT1 = 1000ms for 

square wave generation of f = 0.5Hz, while fig. 5.11 (c) shows the timing diagram of OT with 

PRT0 = 20ms and PRT1 = 20ms for square wave generation of f = 25Hz. 

5.2.4 Real time applications of FPGA-PLC medium resolution timers 
5.2.4.1 Application 1: To drive two D. C. motors 

(a) (b) 

 
(c) 

Fig. 5.12. LD, GUI, and results of application 1 (a) Ladder diagram of application 1 (b) GUI of 
application 1 (c) Result of application 1. 

The proposed module has been simulated through the use of two d.c. motors. Table 5.2 

summarises the inputs (e.g. switches or buttons) and outputs (e.g. motors) specifications for 

application 1. The functioning of the d.c. motor application must comply with the following 

logic conditions: 

i. The output 1 (motor 1) is started by pressing input button 1 (start button). 
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ii. Output 2 (motor 2) is initiated after 20 seconds. 

iii. Motors 1 and 2 are stopped by switching input button 2 (stop button) from NC to 

NO. 

In fig. 5.12 (a-c), the ladder logic, GUI, and results for application 1 are shown. 

  Table: 5.2. Inputs, outputs and timers address of application 1. 
Sr. No. Inputs Outputs Timers 

1 Input button 1 (start button) = 
I:0/1 

Output 1 (motor 1) = 
O:0/1 

Timer ON delay 
T1:0 
Base value: 1 sec 
Preset: 20 sec 

2 Input button 2 (stop button) = 
I:0/2 

Output 2 (motor 2) = 
O:0/2 

 

5.2.4.2 Application 2: Square wave generator using TON Timers 

The recommended module has been simulated through the use of a square wave generator 

application, as illustrated below. Table 5.3 summarizes the input (e.g. switches or buttons) and 

output (e.g. lamps) specifications for application 2. The square wave generator application must 

operate according to the following logic conditions:  

i. When input button 1 is pressed, output 1 is turned on. 

ii. If input button 2 is in the NC condition, output 2 is initiated after 3 seconds. 

iii. For lamp 2, generate a 3 second square wave signal. 

iv. When input button 2 is changed from NC to NO, both lamps 1 and 2 are turned off. 

Fig. 5.13 (a) and 5.13 (b) show the ladder logic and GUI with results for application 2, 
respectively. 
 
  Table: 5.3. Inputs, outputs and timers address of application 2. 

Sr. 
No. 

Inputs 
 

Outputs Timers 

1 Input button 1 (start 
button) = I:0/1 

Output 1 (lamp 1) = O:0/1 Timer ON delay 
T1:0 
Base Value: 1 sec (1000 ms) 
Preset: 3 sec 

2 Input button 2 (stop 
button NC) = I:0/2 

Output 2 (lamp 2) = O:0/2 Timer ON delay 
T2:0 
Base value: 1 sec (1000 ms) 
Preset: 3 sec 
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(a) 

 
(b) 

Fig. 5.13. LD, GUI, and results of application 2 (a) Ladder diagram of application 2 (b) GUI and 
result of application 2. 

5.2.4.3 Application 3: Operation of three D. C. Motor 

The recommended module has been simulated on three d. c. motors applications, as illustrated 

below. Table 5.4 summarises the input (e.g. switches or buttons) and output (e.g. motors) 

specifications for application 3. The functioning of three d. c. motor applications must follow 

the logic requirements listed below: 

i. Motor 1 is started by pressing input button 1. 

ii. If input button 3 is turned on, motor 2 starts after 7 seconds. 

iii. If motors 1, motor 2 and input button 5 are turned ON, then motor 3 is turned ON. 

iv. Motor 3 is halted if input button 6 is pushed from NC to NO. 

v. Motors 2 and 3 are halted if input button 4 is pressed from NC to NO. 

vi. If input button 2 is pressed from NC to NO, motors 1, 2, and 3 stop. 

Fig. 5.14 (a-c) depicts the ladder logic, GUI, and results for application 3. 
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  Table: 5.4. Inputs, outputs and timers address of application 3. 
Sr. No. Inputs Outputs Timers 

1 Input button 1 (Start button) = I:0/1 Output 1 (motor 1) = O:0/1 Timer ON delay 
T1:0 
Base value: 1 sec  
Preset: 7 sec 

2 Input button 2 (Stop button) = I:0/2 Output 2 (motor 2) = O:0/2 
3 Input button 3 (Start button) = I:0/3 Output 3 (motor 3) = O:0/3 
4 Input button 4 (Stop button) = I:0/4  
5 Input button 5 (Start button) = I:0/5  
6 Input button 6 (Stop button) = I:0/6  

 

(a) (b) 

 
(c) 

Fig. 5.14. LD, GUI, and results of application 3 (a) Ladder diagram of application 3 (b) GUI of 
application 3 and (c) Result of appl-ication 3. 

 

5.2.4.4 Application 4: Electric oven  

The proposed module has been simulated on an electrical oven used in residential application. 

Table 5.5 summarises the specifications of inputs (e.g., switches or buttons) and outputs (e.g., 

electrical heaters and cooling fans) for application 4. An electrical heater heats the oven, and 

two ventilation fans are installed within the oven to cool it after usage. The operation of the 

electrical oven application must adhere to the following logic conditions: 

i. Heating ON: The heating element and both cooling fans switch on at the same time. 

Hot air is pumped within the oven and spreads heat using cooling fans. 
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ii. Heating OFF condition: The heating element is turned off, and the delay timer 

begins counting down. 

iii. When the timer expires, both cooling fans switch off. 

iv. Pressing input button 2 (stop button) from Normally Closed (NC) to Normally Open 

(NO) stops the heater and both cooling fans after 8 seconds. 

  Fig. 5.15 (a-b) depicts the ladder logic and GUI with results for application 4. 
   Table: 5.5. Inputs, outputs and timers address of application 4. 

Sr. No. Inputs Outputs Timers 
1 Input button 1 (start button) = 

I:0/1 
Output 1 (electrical heater) = 
O:0/1 

Timer OFF delay 
T1:0 
Base value: 1 sec 
(1000 ms) 
Preset: 8 sec 

2 Input button 2 (stop button NC) = 
I:0/2 

Output 2 (cooling fan 1) = 
O:0/2 

3 _____ Output 3 (cooling fan 2) = 
O:0/3 

 

 
(a) 

 
(b) 

Fig. 5.15. LD, GUI, and results of application 4 (a) Ladder diagram of application 4 (b) GUI and result 
of application 4. 

 
5.3 The proposed FPGA-PLC high-resolution timer module 

The PLC timing mechanism, PLC timer, and PLC controller in [101] are designed with 

resolutions of 1ms, 10ms, 100ms, and 1s. The authors in [102] shows an ON-timer device based 
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on FPGA with resolutions of 1ms, 10ms, and 100ms. Existing PLC designs contain timer 

modules with low-medium resolution of 0.1ms, 1ms, 10ms, 100ms, and 1000ms. As a result, 

they are less appropriate for motion control, robotics, power electronic and other applications 

that demand high-speed and precision measurement, fast regulating action and other. Medium 

resolution timers are not employed in power electronics applications that demand high-

resolution based delayed signal generation, precise and quick triggering pulse generation, and 

so on. The Existing PLCs provide program scanning times in range of µs and ms. To increase 

the linearity, resolution (up to 50ns), and scanning time (25ns) over the existing PLC timer 

module, we proposed a high-resolution multi-channel PLC timer module based on FPGA. The 

multi-channel FPGA-PLC timer module provides timing delay operations such as TON time 

delay, TOFF time delay, RTON time delay, RTOFF time delay, Pulse triggering, and 

Oscillating timing with a resolution of up to 50ns. The proposed architecture has a scanning 

time of 25ns for scanning all input status, performing execution depending on user input 

programme, and updating all outputs. The proposed module is used to generate pulse patterns, 

triggering pulses, accurate time delays, and a variety of other effects. The FPGA-PLC-based 

high-resolution timer module is used in both single and multiple channel applications. FPGA-

PLC based timer module with high-resolution timer of 50ns, 100ns, and 1µs, medium 

resolution timer of 10µs, 100µs, 1000µs, and low-resolution timer of 10ms, 100ms, and 

1000ms developed for various industrial applications. The module is implemented using high-

speed counters and SCTL within LabVIEW FPGA. The SCTL is another tool for optimising 

the programme for performance and FPGA utilisation. In LabVIEW FPGA, the SCTL is an 

advanced programming framework. When LabVIEW code is built for the FPGA, it is more 

thoroughly optimised, resulting in a smaller footprint and more efficient operation. The SCTL's 

code runs in a single cycle of the FPGA clock, as the name implies. Because of this nature, the 

code user can put within an SCTL is severely limited – some operations are intrinsically multi-

cycle and cannot be utilised. 

5.3.1 Architecture of the proposed FPGA-PLC high-resolution timer module 

The FPGA’s specified clock frequency is 40MHz fig. 5.16 shows the architecture of the 

proposed multi-channel FPGA-PLC high-resolution timer module. TON and TOFF PLC high-

resolution timer modules are developed inside FPGA, as illustrated in fig. 5.16.  The timer 

modules are used to produce delay action and maintain an output state ON or OFF for a given 

amount of time after or before an input state goes ON or OFF. The timer address, BT, TD, PRT 

count, ATV count, TEN, and TDN are all stored in the TON and TOFF timer modules. The 
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preset time is calculated by dividing the timer delay value by the timer’s base time. The counter 

increment is conducted based on the base time of the timer, which is defined as the resolution 

of the timer. The product of the preset time and the base time is the time delay. The amount of 

time that elapses since it was activated is defined as the product of base time and accumulated 

timing value. Three TON timers, T1 through T3, are developed inside the TON timer module. 

Based on the RESET signal, PRT count, BT, and TD values, the timer T1 received the state of 

input signal 1 and updated the status of T1 EN (output 6) and T1 DN (output 1) based on the 

RESET signal, PRT count, BT, and TD values, the timer T2 received the state of input signal 2 

and updated the status of T2 EN (output 7) and T2 DN (output 2). Based on the RESET signal, 

PRT count, BT, and TD values, the timer T3 received the state of input signal 3 and updated the 

status of T3 EN (output 8) and T3 DN (output 3). Two TOFF timers, T4 and T5, are developed 

inside the TOFF timer module. Based on the RESET signal, PRT count, BT, and TD values, the 

timer T4 received the state of input signal 4 and updated the status of T4 EN (output 9) and T4 

DN (output 4). Based on the RESET signal, PRT count, BT, and TD values, the timer T5 

received the state of input signal 5 and updated the status of T5 EN (output 10) and T5 DN 

(output 5), PRT count, TD, BT, and RESET information for T1 through T5 timers and sent to 

FPGA hardware via the LabVIEW GUI. FPGA hardware provides ATV count, Timer Enable, 

and Timer Done information to LabVIEW GUI for T1 to T5 timers. The input channels 1 to 5 

are considered as input channels 1 to 5. The T1 DN through T5 DN are output channels 1 

through 5, respectively. T1 EN to T5 EN, on the other hand, are output channels 6 and 10, 

respectively. The user can additionally decide all timers (e.g., all timers are TON, all timers are 

TOFF, or any other decision) in the proposed module based on their needs. 

The FPGA-PLC high-resolution timer module has timer controller. Based on the base time of 

timer, the timer controller starts accumulating ATV and compares ATV to preset time and 

updates timer done bit equal to 1 if both values are the same else 0. The timers can be 

programmed with different base time value like 50ns, 100ns, 1000ns, 10µs, 100µs, 1ms, 10ms, 

100ms and others. The base time and preset value of timers are very important for generation of 

delay time. For example, if time delay of 1µs (microsecond) is required, the timer will have a 

PRT count of 20 and BT of 50ns. Similarly, if user select BT or TB = 50ns and PRT = 20 count, 

the timer has a TD = 1µs (20 count x 50ns = 1000ns = 1µs). 

 



 

118 
 

 

Fig. 5.16: Architecture of proposed multi-channel FPGA-PLC high-resolution timer module. 

 
Fig. 5.17. Timing Diagram of TON timer: Case: 1: Input signal is not change before predefined timer 

delay. 

 

Fig. 5.18. Timing Diagram of TON timer: Case: 2: Input signal is change before predefined timer delay. 
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The timing diagrams of the proposed high-resolution TON timer are shown in the fig. 5.17 and 

fig. 5.18 with respect to various scenario. In TON delay instruction, the input signal is changing 

from 0 to 1 state, the output TDN bit of TON timer is set to 1 after the predefined duration of 

the time delay. When the TON is executed, the PRT begins and TEN pin is set to 1. In TON 

delay timer, TDN pin stay ON as long as the input logic to TON stay ON. The timer takes action 

to quit timing, when the ATV count equal to PRT count (with respect to fig. 5.17 and fig. 5.18, 

the PRT count = 10000, TB= 50ns, and TD = 500µs). The ATV count of timer is incremented 

by one at every TB value (with respect to fig. 5.17 and fig. 5.18, the TB value is 50ns). When 

input signal of TON delay is changed from 1 to 0 states, the TEN and TDN pin of TON delay 

is reset to 0 and ATV count is set to 0. The timer function is started again when a new positive 

edge of signal is detected at the start input. The following equations are used for calculating 

various parameter value of TON timer. 

Actual Time = Input ON Time – Output ON Time                           (5.1) 

Error = Setpoint of TON_Delay – Actual Time Delay                                  (5.2) 

Error in percentage = (Error × 100)/Setpoint of TON_Delay                                      (5.3) 

Maximum ATV Count =   _
 

                                                                         (5.4) 

Where, TB = Timer Base Resolution. 

From eq. (5.4) 

Setpoint of TON_Delay = TB × Accumulated Counter Value                                      (5.5)   

PRT Count =   _
 

                             (5.6)  

Similarly, the timing diagrams of the proposed high-resolution TOFF timer are shown in the 

fig. 5.19 and fig. 5.20 with respect to various scenario. In TOFF delay instruction, the input 

signal is changing from 1 to 0 state, the status of TEN updated to OFF and the ATV of timer 

timing started. Once the PRT count equal to ATV count, the accumulation of timing is stopped 

and TDN status is change from ON to OFF. The following equations are used for calculating 

various parameter value of TOFF timer. 

Error = Setpoint of TOFF_Delay – Actual Time Delay                            (5.7) 

Error in percentage = (Error × 100)/Setpoint of TOFF_Delay                                               (5.8) 

Maximum ATV Count =   _
 

                                                 (5.9) 

Where, TB = Timer Base Resolution. 

From eq. (5.9) 

Setpoint of TOFF_Delay = TB × Accumulated Counter Value                                    (5.10) 
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PRT Count =   _
 

                                    (5.11) 

 
Fig. 5.19. Timing Diagram of TOFF timer: Case: 1: Input signal is not change before predefined timer 

delay. 

 
Fig. 5.20. Timing Diagram of TOFF timer: Case: 2: Input signal is change before predefined timer delay. 

 

 
Fig. 5.21: LabVIEW based GUI for FPGA-PLC high-resolution timer module. 
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5.3.2 GUI of the proposed FPGA-PLC high-resolution timer module 

Fig. 5.21 shows the LabVIEW-based GUI for the FPGA-PLC high-resolution timer module. 

Timer T1, T2, T3, T4, and T5 contain time delays of 500ns (TD1), 700ns (TD2), 900ns (TD3), 

600ns (TD4), and 800ns (TD5), respectively, according to the GUI. It is also demonstrated that 

the base time for all timers is BT = 50ns. The GUI allows user to customize the BT, TD, and 

TON/TOFF timers to fit requirements. 

5.3.3 Results and discussion of the proposed FPGA-PLC high-resolution timer module 

 
(a) 

 
(b) 

 
(c) 

Fig. 5.22. (a) Simulation results of high-resolution TON timer TB=50ns and TD=500µs (b & c) Expand 
view of (a). 

 
The simulation and experimental results of the proposed modules are described in depth in this 

section. The simulation results of a high-resolution TON timer with TB=50ns and TD=500µs 

are shown in Fig. 5.22 (a). The maximum ATV count using eq. (5.4) is 10000. The fig. 5.22 (b 

& c) show the expand view of 5.22 (a). The input is pressed at 23.475µs, as indicated in fig. 

5.22 (b). The ATV count starts to grow by 1 with respect to TB after pressing the input button. 

The output begins when the ATV count reaches 10000 (i.e. maximum ATV count). The output 

starting time is 523.50µs as shown in fig. 5.22 (c). The error caused for this TD and TB is 
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+0.025µs, according to the simulation results. Similarly, the simulation results of a high-

resolution TON timer with TB=100ns and TD=500µs are shown in Fig. 5.23 (a). The maximum 

ATV count using eq. (5.4) is 5000. The fig. 5.23 (b & c) show the expand view of 5.23(a). The 

input is pressed at 72.25µs, a s indicated in fig. 5.23 (b). The ATV count starts to grow by 1 

with respect to TB after pressing the input button. The output begins when the ATV count 

reaches 5000 (i.e. maximum ATV count). The output starting time is 572.20µs as shown in fig. 

5.23 (c). The error caused for this TD and TB is -0.05µs, according to the simulation results. 

The simulation results of a high-resolution TON timer with TB=1µs and TD=500µs are shown 

in Fig. 5.24 (a). The maximum ATV count using eq. (5.4) is 500. The fig. 5.24 (b & c) show 

the expand view of 5.24 (a). The input is pressed at 223.887µs, as indicated in fig. 5.24 (b). 

The ATV count starts to grow by 1 with respect to TB after pressing the input button. The 

output begins when the ATV count reaches 500 (i.e. maximum ATV count). The output starting 

time is 723.004µs as shown in fig. 5.24 (c). The error caused for this TD and TB is -0.883µs, 

according to the simulation results. 

 
(a) 

 
(b) 

 
(c) 

Fig. 5.23. (a) Simulation results of high-resolution TON timer TB=100ns and TD=500µs (b & c) 
Expand view of (a). 
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(a) 

 
(b) 

 
(c) 

Fig. 5.24. (a) Simulation results of high-resolution TON timer TB=1µs and TD=500µs (b & c) Expand 
view of (a). 

 
Furthermore, the simulation results of a high-resolution TON timer with TB=10µs and 

TD=500µs are shown in Fig. 5.25 (a). The maximum ATV count using eq. (5.4) is 50. The fig. 

5.25 (b & c) show the expand view of 5.25 (a). The input is pressed at 220.126µs, as indicated 

in fig. 5.25 (b). The ATV count starts to grow by 1 with respect to TB after pressing the input 

button. The output begins when the ATV count reaches 500 (i.e. maximum ATV count). The 

output starting time is 720.00µs as shown in fig. 5.25 (c). The error caused for this TD and TB 

is -0.126µs, according to the simulation results. 

The result analysis of the proposed high-resolution TON timer module with various setpoints 

of timer delay (in µs) and corresponding error (in %) is reported in table 5.6. The results are 

analysed with TDs ranging from 10µs to 100000µs and different time base resolutions such as 

50ns, 100ns, 1µs, and 10µs. 
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(a) 

 
(b) 

 
(c) 

Fig. 5.25 (a) Simulation results of high-resolution TON timer TB=10µs and TD=500µs (b & c) Expand 
view of (a). 

Table 5.6. Comparative result analysis of the proposed high-resolution TON timer module with various 
Setpoint of Timer Delay (µs) and Error (%) with respect to various resolution. 

Sr. 
No. 

Setpoint 
of 

Timer 
Delay 
(µs) 

Error (%) 
Resolution 

50ns 100ns 1µs 10µs 

1 10 0.250000 0.500000 5.00000 - 
2 20 0.125000 0.250000 2.50000 - 
3 30 0.083333 0.166667 0.50000 - 
4 40 0.062500 0.000000 1.75000 - 
5 50 0.050000 0.050000 1.30000 - 
6 60 0.041667 0.041667 0.04167 - 
7 70 0.035714 0.035714 1.14286 - 
8 80 0.031250 0.000000 0.53125 - 
9 90 0.027778 0.055556 0.58333 - 

10 100 0.025000 0.025000 0.27500 - 
11 200 0.012500 0.000000 0.22500 3.762500 
12 300 0.008333 -0.008333 0.25100 2.775000 
13 400 0.006250 0.006250 0.22500 0.962500 
14 500 0.005000 0.010000 0.05000 0.935000 
15 600 0.004167 0.000000 0.06300 0.583333 
16 700 0.003571 0.003571 0.10700 0.307143 
17 800 0.003125 0.006250 0.05300 0.937500 
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18 900 0.002778 -0.002778 0.05800 1.063889 
19 1000 0.002500 0.005000 0.09200 0.882500 
20 2000 0.001250 0.001250 0.04250 0.43500 
21 3000 0.000833 0.001667 0.01417 0.18583 
22 4000 0.000625 0.001250 0.01750 0.12313 
23 5000 0.000500 -0.000500 0.00550 0.15750 
24 6000 0.000417 0.000417 0.01125 0.16542 
25 7000 0.000357 -0.000357 0.01000 0.06286 
26 8000 0.000313 0.000312 -0.00031 0.06594 
27 9000 0.000278 0.000278 0.00694 0.04028 
28 10000 0.000250 0.000500 0.00250 0.05775 
29 20000 0.000125 0.000250 0.00388 0.03238 
30 30000 0.000083 0.000167 0.00192 0.01483 
31 40000 0.000063 0.000125 0.00050 0.01594 
32 50000 0.000050 0.000100 0.00150 0.00910 
33 60000 0.000042 0.000083 0.00122 0.01201 
34 70000 0.000036 0.000071 0.00132 0.00986 
35 80000 0.000031 0.000063 0.00119 0.00531 
36 90000 0.000028 0.000056 0.00075 0.00122 
37 100000 0.000025 0.000050 0.00053 0.00583 

 

 
Fig. 5.26. Error curve of measured TON timer delay vs. setpoint of TON timer delay within range of 

10µs to 100µs. 

The fig. 5.26. show the error curve of measured TON timer delay vs. setpoint of TON timer 

delay within range of 10µs to 100µs. As seen in fig. 5.26, the proposed FPGA-PLC high-

resolution TON timer module, with TDs ranging from 10µs to 100µs, gives linearity of y(50ns) 

= -0.001x + 0.175, y(100ns) = -0.003x + 0.324, and y(1µs) = -0.035x + 3.324 for the 

coefficients of regression R² = 0.653, R² = 0.551 and R² = 0.533 in 50ns, 100ns, and 1µs 

resolutions, respectively.  

The error curve of measured vs. setpoint of TON timer delay in the range of 200µs to 1000µs 

is shown in fig. 5.27. As seen in fig. 5.27, the proposed FPGA-PLC high-resolution TON timer 

module, with TDs ranging from 200µs to 1000µs, gives linearity of y(50ns) = -1E-05x + 0.011, 

y(50ns) = -0.001x + 0.175
R² = 0.653

y(100ns) = -0.003x + 0.324
R² = 0.551

y(1µs) = -0.035x + 3.324
R² = 0.533-1
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y(100ns) = 5E-06x – 0.000, and y(1µs) = -0.000x + 0.264 and y(10µs) = -0.002x + 3.089 for 

the coefficients of regression R² = 0.809, R² = 0.061, R² = 0.577 and R² = 0.485 in 50ns, 100ns, 

1µs and 10µs resolutions, respectively. The error curve of measured vs. setpoint of TON timer 

delay in the range of 2000µs to 9000µs is shown in fig. 5.28. As seen in fig. 5.28, the proposed 

FPGA-PLC high-resolution TON timer module, with TDs ranging from 2000µs to 9000µs, 

gives linearity of y(50ns) = -1E-07x + 0.001, y(100ns) = -2E-07x + 0.001, y(1µs) = -4E-06x + 

0.035, and y(10µs) = -4E-05x + 0.386 for the coefficients of regression R² = 0.829, R² = 0.423, 

R² = 0.580, and R² = 0.676 in 50ns, 100ns, 1µs and 10µs resolutions, respectively. 

The error curve of measured vs. setpoint of TON timer delay in the range of 20000µs to 

10000µs is shown in fig. 5.29. As seen in fig. 5.29, the proposed FPGA-PLC high-resolution 

TON timer module, with TDs ranging from 20000µs to 100000µs, gives linearity of y(50ns) = 

-2E-09x + 0.000, y (100ns) = -4E-09x + 0.000, y(1µs) = -2E-08x + 0.002, and y(10µs) = -5E-

07x + 0.041 for the coefficients of regression R² = 0.654, R² = 0.653, R² = 0.536 and R² = 0.665 

in 50ns, 100ns, 1µs and 10µs resolutions, respectively. 

With respect to various scenarios, the proposed multi-channel FPGA-PLC high-resolution timer 

module is simulated, validated on NI-myRIO-1900 FPGA platform and discussed below. 

Case: A: All inputs are triggering at different time. 

Fig. 5.30 depicts the timing diagram for the FPGA-PLC high-resolution timer module in Case 

A. The timing diagram of inputs 1 to 5, outputs 1 to 5, and ATV 1 to 5 is shown in fig. 5.30. 

The enlarged view of the timing diagram for timer T1 (TON) with input 1, output 1, and ATV 

1 value is shown in fig. 5.31. For timer T1, the time delay TD1 is equal to 500ns. Input 1 changes 

from low to high at 118.525µs, as indicated in fig. 5.31, and the ATV count increment starts at 

the same time. The state of output 1 signal changes from low to high at 119.05µs when the ATV 

count equals PRT count (i.e. 10). After 525ns (119.05µs – 118.525µs = 0.525µs = 525ns), the 

timer T1 generates a high output. The error generated in T2 timer is -25ns (500ns – 525ns = -

25ns). The enlarged view of the timing diagram for timer T2 (TON) with input 2, output 2, and 

ATV 2 value is shown in fig. 5.32. For timer T2, the time delay TD2 is equivalent to 700ns. The 

input 2 changes from low to high at 267.775 µs, as indicated in fig. 5.32, and the ATV starts at 

the same time. The state of output 2 signal changes from low to high at 268.800µs when the 

ATV is equal to PRT = 14. After 725ns (268.800µs – 267.775µs = 0.725µs = 725ns), the timer 

T2 generates a high output. The error generated in T2 timer is -25ns (700ns – 725ns = -25ns). 

The enlarged view of the timing diagram for timer T3 (TON) with input 3, output 3, and ATV 

3 value is shown in fig. 5.33. For timer T3, the time delay TD3 is equivalent to 900ns. The input 

3 changes from low to high at 414. 25µs, as indicated in fig. 5.33, and the ATV starts at the 
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same time. The state of output 3 signal changes from low to high at 414.25µs when the ATV 

count is equal to PRT count = 18. After 900ns, the timer T3 generates a high output (415.15µs 

– 414.25µs = 0.900µs = 900ns). The error generated in T3 timer is 0 (900ns – 900ns = 0).  

 
Fig. 5.27. Error curve of measured TON timer delay vs. setpoint of TON timer delay within range of 

200µs to 1000µs. 

 
Fig. 5.28. Error curve of measured TON timer delay vs. setpoint of TON timer delay within range of 

2000µs to 9000µs. 
  

y(50ns) = -1E-05x + 0.011
R² = 0.809

y(100ns) = 5E-06x - 0.000
R² = 0.061

y(1µs) = -0.000x + 0.264
R² = 0.577

y(10µs) = -0.002x + 3.089
R² = 0.485

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

0 200 400 600 800 1000 1200

Er
ro

r i
n 

%

Setpoint of TON Timer Delay (µsec)

TB = 50ns
TB = 100ns
TB =1µs
TB =10µs
Linear (TB = 50ns)
Linear (TB = 100ns)
Linear (TB =1µs)
Linear (TB =10µs)

y(50ns) = -1E-07x + 0.001
R² = 0.829

y(100ns) = -2E-07x + 0.001
R² = 0.423

y(1µs) = -4E-06x + 0.035
R² = 0.580

y(10µs) = -4E-05x + 0.386
R² = 0.676

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 2000 4000 6000 8000 10000

Er
ro

r i
n 

%

Setpoint of TON Timer Delay (µsec)

TB = 50ns
TB = 100ns
TB =1µs
TB =10µs
Linear (TB = 50ns)
Linear (TB = 100ns)
Linear (TB =1µs)
Linear (TB =10µs)



 

128 
 

 
Fig. 5.29. Error curve of measured TON timer delay vs. setpoint of TON timer delay within range of 

10000µs to 1000000µs. 

 
Fig. 5.30. The timing diagram of the proposed multi-channel FPGA-PLC high-resolution timer module 
for case A with inputs 1 to 5, outputs 1 to 5 and ATV 1 to 5 (TON timer T1 – T3, TOFF timer T4 – T5). 

 

 
Fig. 5.31. Expand view of the timing diagram of the proposed multi-channel FPGA-PLC high-resolution 

timer module for case A with input 1, outputs 1 and ATV 1 (TON timer T1). 
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Fig. 5.32. Expand view of the timing diagram of the proposed multi-channel FPGA-PLC high-resolution 

timer module for case A with input 2, outputs 2 and ATV 2 (TON timer T2). 
 

 
Fig. 5.33. Expand view of the timing diagram of the proposed multi-channel FPGA-PLC high-resolution 

timer module for case A with input 3, outputs 3 and ATV 3 (TON timer T3). 
 

The enlarged view of the timing diagram for timer T4 (TOFF) with input 4, output 4, and ATV 

4 value is shown in fig. 5.34. For timer T4, the time delay TD4 is equivalent to 600ns. The input 

4 changes from high to low at 482.85µs, as indicated in fig. 5.34, and the ATV starts at the same 

time. At 483.4µs, output 4 changes from high to low. After 550ns, the timer T4 generates a low 

output (483.4µs – 482.85µs = 0.550µs = 550ns). The error generated in T4 timer is 50ns (600ns 

– 550ns = 50ns). The enlarged view of the timing diagram for timer T5 (TOFF) with input 5, 

output 5, and ATV 5 value is shown in fig. 5.35. For timer T5, the time delay TD5 is equivalent 

to 800ns. The input 5 changes from high to low at 635.975µs, as indicated in fig. 5.35, and the 

ATV starts at the same time. At 636.748µs, output 5 changes from high to low. After 550ns, the 

timer T5 generates a low output (636.748µs – 635.975µs = 0.773µs = 773ns). The error 

generated in T5 timer is 27ns (800ns – 773ns = 27ns). 
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Fig. 5.34. Expand view of the timing diagram of the proposed multi-channel FPGA-PLC high-resolution 

timer module for case A with input 4, outputs 4 and ATV 4 (TOFF timer T4). 

 
Fig. 5.35. Expand view of the timing diagram of the proposed multi-channel FPGA-PLC high-resolution 

timer module for case A with input 5, outputs 5 and ATV 5 (TOFF timer T5). 
Case: B: All inputs are triggering at same time. 

Fig. 5.36 depicts the timing diagram for the FPGA-PLC high-resolution timer module in 

scenario B. The timing diagram of input 1, outputs 1 to 5, and ATV 1 to 5 is shown in fig. 5.36. 

In this example, inputs 1 through 5 are all activated at the same time. As a result, timing diagram 

of input 1 is shown in fig. 5.36. The enlarged view of the timing diagram for timer T1 to T3 

(TON) with input 1, output 1 to output 3 and ATV 1 to ATV 3 value is shown in fig. 5.37. For 

timers T1, T2, and T3, the time delays TD1, TD2, and TD3 are 500ns, 700ns, and 900ns, 

respectively. The input 1 changes from low to high at zero, as indicated in fig. 5.37, and the 
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ATV 1, ATV 2, and ATV 3 are initiated at the same time. The state of output 1 signal changes 

from low to high in 500ns when ATV1 equals PRT1 = 10. After 500ns (500ns – 0 = 500ns), the 

timer T1 generates a high output. T1 timer generates a zero error (500ns – 500ns = 0). The 

condition of output 2 signal changes from low to high at 700ns when ATV2 equals PRT2 = 14. 

After 700ns (700ns – 0 = 700ns), the timer T2 generates a high output. T2 timer generates a zero 

error (700ns – 700ns = 0). The state of output 3 signal changes from low to high at 900ns when 

ATV3 equals PRT3 = 18. After 900ns (900ns – 0 = 900ns), the timer T3 generates a high output. 

T3 timer generates a zero error (900ns – 900ns = 0). The enlarged view of the timing diagram 

for timer T4 (TOFF) with input 1, output 4, and ATV 4 value is shown in fig. 5.38. For timer 

T4, the time delay TD4 is equivalent to–600ns. The input 1 changes from high to low at 

263.05µs, as shown in fig. 5.38, and the ATV 4 starts at the same time. At 263.60µs, output 4 

changes from high to low. After 550ns, the timer T4 generates a low output (263.60µs – 

263.05µs = 0.550µs = 550ns). The error generated in T4 timer is 50ns (600ns – 550ns = 50ns).   

The enlarged view of the timing diagram for timer T5 (TOFF) with input 1, output 5, and ATV 

5 value is shown in fig. 5.38. For timer T5, the time delay TD5 is equivalent to 800ns. The input 

1 changes from high to low at 263.05µs, as indicated in fig. 5.38, and the ATV 5 starts at the 

same time. At 263.80µs, the output 5 changes from high to low. After 550ns, the timer T5 

generates a low output (263.80µs – 263.05µs = 0.750µs = 750ns). The error generated in T5 

timer is 50ns (800ns – 750ns = 50ns).   

 
Fig. 5.36. The timing diagram of the proposed multi-channel FPGA-PLC high-resolution timer module 

for case B with input 1, outputs 1 to 5 and ATV 1 to 5 (TON timer T1 – T3, TOFF timer T4 – T5). 
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Fig. 5.37. Expand view of the timing diagram of the proposed multi-channel FPGA-PLC high-resolution 

timer module for case B with input 1, outputs 1 to 3 and ATV 1 to 3 (TON timer T1 to T3). 
 

 
Fig. 5.38. Expand view of the timing diagram of the proposed multi-channel FPGA-PLC high-resolution 

timer module for case B with input 1, outputs 4 to 5 and ATV 4 to 5 (TOFF timer T4 to T5). 

 
Fig. 5.39. The timing diagram of experimental results of the proposed module for input 1 (red colour 
plot) and output 1 (yellow colour plot) with TON timer T1 (Timer resolution or Base time or Time base 
= 1µs and Time delay = 4ms). 

 
Fig. 5.40. Expand view of fig. 5.39 (Timer resolution or Base time or Time base = 1µs and Time delay = 
4ms, x-axis 1 unit on CRO screen = 0.5ms). 
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The proposed high-resolution timer module of PLC is dumped in the Xilinx Z-7010 FPGA using 

the NI myRIO-1900 platform for delay pulse generation application. The program is loaded into 

the NI-myRIO-1900 platform via a USB cable. The figure 5.39 present the experimental results 

with respect to one input, one output and one TON timer. The TON timer T1 is used here for 

generation of the accurate delay. In this case, the TON time is selected with the base time = 1µs 

and time delay = 4ms. When the input is change from low to high after 4 ms the output is change 

from low to high.  In the timing diagram of fig. 5.39, the red and yellow colors represent input 

1 and output 1, respectively. The fig. 5.40 is an enlarged version of the fig. 5.39. The enlarged 

view shows that when the state of input 1 changes from low to high logic, the output logic 

changes from low to high logic after 4ms. In the x-axis of CRO, 1 division equals 500µs or 

0.5ms. The amplitude of the input and output signal is around 2.84V. 

The proposed FPGA-PLC-High-resolution timer module is capable for generating different 

delay time with help of higher, medium and low resolution. From the simulation and 

experimental results, the maximum error in proposed FPGA-PLC high-resolution timer module 

is 1 count value with respective resolution. The maximum error generated in the proposed 

module for base time 50ns is ± 50ns.  
          Table-5.7. Final device utilization report of the proposed FPGA-PLC high-resolution timer module. 

Sr. 
No. Parameters Total Used Used in 

Percentage 
1 Total Slices 4400 4220 95.9 
2 Slice Registers 35200 12244 34.8 
3 Slice LUTs 17600 13180 74.9 
4 Block RAMs 60 5 8.3 
5 DSP48s 80 40 50.0 

 
    Table: 5.8. The maximum and minimum settable timing range of the proposed FPGA-PLC high-

resolution timer module. 

Sr. No. Resolution of timer 
modules 

Minimum 
time Maximum time 

1 50 ns 50 ns 42949672416 ns 
2 100 ns 100 ns 429496724160 ns 
3 1 µs 1 µs 1 hour 11 minutes 35 sec 
4 10 µs 10 µs 17 hours 55 minutes 50 sec 
5 100 µs or 0.1 ms 100 µs 119 hours 18 minutes 17 sec 

6 1 ms 1 ms 49.710269 days 
7 10 ms 10 ms 497.10269 days 
8 100 ms 100 ms 4971.0269 days 
9 1000 ms 1000 ms 49710.269 days 
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Table 5.7 shows the final device utilization (placement) report for FPGA-PLC high-resolution 

timer module. The hardware resources are utilized in terms of total slice, slice registers, slice 

LUTs, block RAMs, and DSP48s. The space required for total slice, slice registers, slice LUTs, 

block RAMs, and DSP48s are 95.9 percent, 34.8 percent, 74.9 percent, 8.3 percent, and 50.0 

percent, respectively. 
Table 5.9. The comparative result analysis of the existing timer module with the proposed high-resolution 

timer module. 
Sr. 
No. 

Unit name (with company 
name) and model no. Timer implementation Best 

Resolution 
Scanning 

Time 

1 
An IEC 61131-3-based PLC 
implemented by means of an 

FPGA [54] 

TOF – Timer OFF,  
TP – Timer Pulse,  
TON – Timer ON 

1ms Not 
Included 

2 

FPGA implementation of 
programmable logic controller 

compliant with EN 61131-3 
[103] 

TP – Timer Pulse,  
TON – Timer ON 1ms Not 

Included 

3 

A methodology for an FPGA 
implementation of a 

programmable logic controller to 
control an atomic layer 
deposition system [69] 

TON Timer 1µs Not 
Included 

4 Design of PLC timer system 
based on ARM + FPGA [100] Timer 1ms Not 

Included 

5 The proposed multi-channel 
high-resolution timer module 

TON – Timer ON,  
TOFF– Timer OFF,  
TP – Timer Pulse,  

RTON – Retentive Timer ON, 
RTOFF – Retentive Timer OFF, 

Oscillating Timer 

50ns 25ns 

The maximum and minimum settable timing range of the proposed FPGA-PLC high-resolution 

timer module is listed in table 5.8. The comparative result analysis of the existing FPG-PLC 

based timer module with the proposed high-resolution timer module is reported in the table 5.9. 

The comparative analysis reported that, the existing modules are developed with TON, TOFF 

and TP timers’ modules with the resolution of greater than 1µs. Compare to that, the proposed 

module is developed with TON, TOFF, TP, RTON, RTOFF, and oscillating timer. The 

resolutions of the proposed timer module are greater than and equal to 50ns. The NI my-RIO 

1900 FPGA platform has a clock frequency of 40MHz.  The proposed module is developed with 

help of single cycle time loop. As a result, the proposed module is capable of scanning all 

executions in 25ns. 

The existing FPGA-based PLC timer modules and microcontroller based PLC timer modules 

have resolution ranges of 1µs to 1sec and can be used in a variety of industrial applications. 

Existing timer modules don’t meet the requirements of precise triggering pulse generation or 
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delay pulse generation. Generally, high precision delay pulses and triggering pulses are needed 

in machine vision applications to actuate various devices. A production line inspection solution 

based on automated machine vision needs to activate cameras, lights, and reject gates within 

precise timing. Machine vision requires an accurate timing system and repeatability. It may be 

necessary to trigger pulses precisely on multiple channels in order to synchronize applications. 

It can be necessary to develop high-resolution timers for multichannel control applications in 

order to achieve greater accuracy and faster scanning. It is possible to generate precise triggering 

pulses for similar type of application using our module on a single channel and/or multichannel 

basis. 

5.4. Conclusion 

An FPGA-based implementation of the IEC 61131-3 compliant PLC timer operations are 

presented in this chapter. The proposed FPGA-PLC timer modules are developed and simulated 

in LabVIEW-FPGA based programming language and loaded into the NI-myRIO-1900 FPGA 

platform. Various timer modules with medium resolution (1ms, 10ms, 100ms, and 1000ms) 

and high-resolution (50ns, 100ns, 1µs, 10µs, and 100µs) capabilities are developed, simulated, 

and tested. The proposed FPGA-PLC high-resolution timer module, which can be used for a 

various measurement and control applications. The proposed modules can be used for precise 

triggering pulse generation, high-speed patten pulse generation, and other applications. The 

proposed module enhances the performance and flexibility in term of multiple channels, better 

resolution, faster scanning time, precise time delay generation. The FPGA device utilisation is 

reported with respect to the NI-myRIO-1900 FPGA platform. The LabVIEW-GUI is developed 

for the proposed multi-channel high-resolution timer module and it is utilised to give a better 

user interface for monitoring and controlling the selection and values of various timer time 

delay. With the help of simulation results and comparison analysis reported in table 5.9, the 

proposed FPGA-PLC high-resolution timer module provide a shorter scanning time (25ns), 

more linearity, and better resolution. The experimental tests of the proposed module are 

performed using NI-myRIO-1900 platform. The proposed FPGA-PLC high-resolution timer 

module can be used to integrate with phase locked loops for higher frequency applications. 

With help of proposed module, the high frequency input signal is generated and it can also use 

for the detection of the phase difference between input signal and feedback signal of phase lock 

loop. Further research is being development of phase lock loop for higher frequency using the 

proposed FPGA-PLC high-resolution timer. 
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CHAPTER – 6 

MULTI-CHANNEL FPGA-PLC BASED HIGH 
FREQUENCY MEASUREMENT MODULE WITH 

FASTER SCANNING TIME 

 
This chapter describes the proposed Multi-Channel FPGA-PLC-FREQUENCY measurement 

module, which is used for a various frequency measurement application. The proposed module 

is tested on the NI-myRIO-1900 FPGA platform. With a 25ns execution time, the proposed 

module measured frequencies up to 20MHz for accurate multi-channel applications. 

6.1 Introduction 

The creation of the reference frequency with the highest precision and the measurement of real-

time frequencies with the highest accuracy are now two of the most crucial technological 

challenges. Numerous industrial and robotic systems depend heavily on precise frequency 

measurements. Robots are able to perceive their surroundings and effectively carry out their 

tasks by carefully assessing physical factors. Numerous sensors produce signals, the frequency 

of which depends on the input stimulus [104, 105]. These include piezoelectric sensors 

[106,107] or accelerometers [108]. Signals frequencies are used to detect physical 

characteristics like vibration or velocity via interferometers like laser doppler velocimeters or 

“selfmixing” interferometers [109-110]. As a result, accurate frequency measurement is crucial 

in measuring technology [111]. Additionally, frequency and time resolutions can be chosen 

independently by the user and are not related to one another. Both real-time measuring methods 

with inadequately high precision and techniques of such measurements with a considerable 

number and high accuracy, attained by long-term averaging and complicated processing, are 

available. 

The existing PLC are customized with high-speed frequency measurement module [112-113] 

and widely used for various industrial applications. These modules are capable for 

measurement of frequency around 1 MHz with less numbers of channels. The accuracy of the 

existing PLC modules is approximately 100 ppm (parts per million), depending on the 

measurement interval and signal evaluation. Timing and counting are both very important 

applications of frequency measurement. In frequency measurement, the number occurs during 

a predetermined time period. The uses are as varied as the number of counts that are received 

each minute. The application may be as varied as the number of counts received every minute. 
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How many cycles per second are there in an electrical or acoustic measurement, or how many 

wheel rotations per unit of time are there in a speed measurement. It is necessary to have both 

a counter and a timer, with the timer keeping track of the reference time and the counter 

recording the number of events that take place within that time. 

The main contribution of this chapter is to develop multi-channel FPGA-PLC-FREQUENCY 

measurement module and it can be used for various frequency measurement applications. The 

proposed FPGA-PLC-DPWM is developed, simulated, and experimentally tested on the NI-

myRIO-1900 FPGA platform. The proposed FPGA-PLC-FREQUENCY module is developed 

using a timer module with various resolutions and a counter module with high-speed. The timer 

modules have medium resolution capabilities such as 1ms, 10ms, 100ms, and 1000ms, as well 

as high-resolution capabilities such as 50ns, 100ns, 1µs, 10µs, and 100µs. The high-speed 

counter module is capable for measurement of 20MHz input pulses edges and update its counts 

accordingly. The LabVIEW-GUI is developed for the proposed multi-channel frequency 

measurement module and it is used to provide a better user interface for monitoring and 

controlling the selection and values of various timers and counters. With the help of simulation 

results, experimental results and comparison analysis reported, the proposed FPGA-PLC-

FREQUENCY measurement module enhance the performance and flexibility in term of 

multiple channels, accurate frequency measurement, faster scanning time and other.  

6.2 Architecture of the proposed multi-channel FPGA-PLC-FREQUENCY 
measurement module 

The block diagram of the proposed multi-channel high-speed FPGA-PLC-FREQUENCY 

module is depicted in fig. 6.1. The GUI for measurement and control aspects is developed using 

LabVIEW. High-resolution timers and high-speed counters block are used in the development 

of the FPGA-PLC-FREQUENCY module. The FPGA-PLC-FREQUENCY module receives 

multiple setpoints and command via the LabVIEW-based GUI for high-resolution timer block, 

high-speed counter block and frequency calculation block. The TB and TD for each source 

channel, the start timer input signal, the selection of the counter done bit, the counter preset 

value, and the counter selection with edge detection were configured through the LabVIEW-

based GUI. It can also be used to reset the counter and timer’s accumulated value. The FPGA-

PLC-FREQUENCY module send timer DN bit, counter DN bit, timer and counter accumulated 

value to the LabVIEW based GUI. As a frequency source, channels 1 through 4 are used. The 

fixed or variable frequency generated with help of frequency source is given to the FPGA-PLC 

module. Inside the proposed module, the high-speed counter detection block is used for 

detection of rising or falling edge of input signal. The high-resolution timer block is used for 
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generation on accurate time delay for calculating the high-speed count of input frequencies. 

The proposed module can detect input frequencies up to 1MHz. The start timer input signal is 

given to the high-resolution timer block and high-speed counter block. At that point, the high-

speed counter block starts accumulating the count value depending on the counter edge option. 

Depending on the counter and its edge selection, the high-speed counter block can detect rising, 

falling, or both edges and increase or decrease the accumulated counting value.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 6.1. Block Diagram of the proposed high-speed multi-channel FPGA-PLC-FREQUENCY 
measurement module. 
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Depending on the counter DN bit selection, the counter done bit is either set to high or low. 

The time base value determines the timer’s resolution. The TB value of the timer for the 

proposed module is within range of 50ns to 1sec. The 50ns is highest achievable resolution of 

timer. The TD is defined as a time delay value of timer. Depending on the TD value of the 

timer, the high-speed counter detects and measures the rising or falling or both edges of input 

pulse frequencies. The values of TD are 50ns and 1sec, respectively, for the lowest and 

maximum.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2. Architecture of the proposed high-speed multi-channel FPGA-PLC-FREQUENCY measurement 
module. 
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For precise measurement, the TD and TB values are chosen based on the input pulse frequency. 

The timer accumulated count value is incremented with respect to TB value of the timer. The 

timer accumulated count value is defined as the ratio of TD and TB of timer. The timer DN bit 

is set to high if the timer time delay equals the timer preset value and to low otherwise. 

Depending on the counter DN bit selection, the preset value and accumulated value of counter 

is compared and the counter done bit is either set to high or low accordingly.  The accumulated 

value of the counter is reset using the reset counter input button. The timer accumulated value 

is reset to zero using the reset timer input button. The single and continuous frequency 

measurement is carried out using LabVIEW. For a single measurement of multiple-channel 

frequencies, use the single measurement command. Similar to this, multiple-channel 

frequencies are continuously measured using the continuous measurement command. Each 

channel’s frequency is measured using the frequency calculation block. The counter DN bit 

and timer DN bit are compared through this block. Additionally, the information about 

measurement type, such as a single measurement or continuous measurement, is sent to this 

block. According to the time profile of the count pulses or position values, a frequency is 

calculated and displayed in hertz at predefined intervals. The TD is taken into account for the 

sampling interval in the proposed module as well. The proposed module computes and updates 

the input frequency of channel at each sampling interval. 

6.3 Results and discussion of the proposed multi-channel FPGA-PLC-FREQUENCY 

measurement module 

The simulation and experimental findings of the proposed module are detailed in this section. 

With the support of a high-resolution timer and a high-speed counter, the proposed module 

accurately measured a maximum frequency of 20MHz. The timer’s TB and TD values for the 

proposed module are between 50ns and 1sec. The timer’s maximum attainable resolution is 

50ns. The high-speed counter detects and measures the rising or falling or both edges of each 

input pulse frequency, depending on the timer’s TD value. The TD and TB parameters are set 

based on the input pulse frequency for acceptable accuracy. The simulation and experimental 

findings are obtained for different TD and TB values and a fixed input frequency (20MHz). 

For the experimental results, the accurate frequency is generated with help of NI myRIO 1900 

kit. The proposed module can measure fixed and variable input frequencies up to 20MHz for 

multiple channel. The simulation and experimental results are carried out with respect to single 

measurement of multiple channels frequencies. In the continuos measurement of multiple 

channel frequency, the accumulated value of timer and counter are set to zero when the timer 
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DN bit is set to high and next frequency measurement start after timer DN bit is set to low. The 

timer DN bit is immediaetly set to low after high in the continuous measurement of multiple-

channel frequency.   

The 20 lakh pulse counts are generated per second when the input frequency is set to 20MHz. 

The fig. 6.3. (a) present the simulation results of multi-channel high-speed FPGA-PLC-

FREQUENCY measurement module with TB=100ns, TD=4000µs and input frequency is 

20MHz. The expand view of fig. 6.3. (a) is represented in fig. 6.3. (b & c). In this scenario, the 

timing delay is set at 4000µs. That is, according to the calculation, 80000 counts are created in 

4000µs. The fig. 6.4. (a) present the simulation results of multi-channel high-speed FPGA-

PLC-FREQUENCY measurement module with TB=1µs, TD=4000µs and input frequency is 

20MHz. The expand view of fig. 6.4. (a) is represented in fig. 6.4. (b & c). The Fig. 6.5. present 

the LabVIEW based GUI for multi-channel high-speed FPGA-PLC-FREQUENCY 

measurement module with TB=10µs, TD=4000µs and input frequency is 20MHz. The fig. 6.6. 

(a) present the simulation results of multi-channel high-speed FPGA-PLC-FREQUENCY 

measurement module with TB=10µs, TD=4000µs and input frequency is 20MHz. The expand 

view of fig. 6.6. (a) is represented in fig. 6.6. (b & c). The fig. 6.7. present the LabVIEW based 

GUI for multi-channel high-speed FPGA-PLC-FREQUENCY measurement module with 

TB=100µs, TD=4000µs and input frequency is 20MHz. The fig. 6.8. (a) present the simulation 

results of multi-channel high-speed FPGA-PLC-FREQUENCY measurement module with 

TB=100µs, TD=4000µs and input frequency is 20MHz. The expand view of fig. 6.8. (a) is 

represented in fig. 6.8. (b & c). The fig. 6.9. (a) present the simulation results of multi-channel 

high-speed FPGA-PLC-FREQUENCY measurement module with TB=1000µs, TD=4000µs 

and input frequency is 20MHz. The expand view of fig. 6.9. (a) is represented in fig. 6.9. (b & 

c). 

 

 
(a) 
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(b) 

 

 
(c) 

Fig. 6.3. (a) Simulation results of multi-channel high-speed FPGA-PLC-FREQUENCY measurement 
module with TB=100ns, TD=4000µs and input frequency is 20MHz (b & c) Expand view of (a). 
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(c) 

Fig. 6.4. (a) Simulation results of multi-channel high-speed FPGA-PLC-FREQUENCY measurement 
module with TB=1µs, TD=4000µs and input frequency is 20MHz (b & c) Expand view of (a). 

 
Fig. 6.5. LabVIEW based GUI for multi-channel high-speed FPGA-PLC-FREQUENCY measurement 

module, TB=10µs, TD=4000µs and input frequency is 20MHz. 
 

 
(a) 

 
(b) 
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(c) 

Fig. 6.6. (a) Simulation results of multi-channel high-speed FPGA-PLC-FREQUENCY measurement 
module with TB=10µs, TD=4000µs and input frequency is 20MHz (b & c) Expand view of (a). 

 
Fig. 6.7. LabVIEW based GUI for multi-channel high-speed FPGA-PLC-FREQUENCY measurement 

module with TB=100µs, TD=4000µs and input frequency is 20MHz. 
 

 
(a) 

 
(b) 
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(c) 

Fig. 6.8. (a) Simulation results of multi-channel high-speed FPGA-PLC-FREQUENCY measurement 
module with TB=100µs, TD=4000µs and input frequency is 20MHz (b & c) Expand view of (a). 

 
(a) 

 
(b) 

 
(c) 

Fig. 6.9. (a) Simulation results of multi-channel high-speed FPGA-PLC-FREQUENCY measurement 
module with TB=1000µs, TD=4000µs and input frequency is 20MHz (b & c) Expand view of (a). 
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Table 6.1. The comparative simulation result analysis of multi-channel high-speed FPGA-PLC-
FREQUENCY measurement module. 

 
Table 6.2. The comparative experimental result analysis of multi-channel high-speed FPGA-PLC-

FREQUENCY measurement module. 

Sr. 
No. 

Timer 
Delay 

TD 
(µs) 

Setpoint 
Count 

of 
Channel 

1 to 4 

Measure Count of Channel 1 to 4 Error in Percentage of Channel 1 to 4 

TB= 
50ns 

TB= 
100ns 

TB=    
1µs 

TB= 
10µs 

TB= 
100µs 

TB= 
1ms 

TB=                
50ns 

TB=                
100ns 

TB=             
1µs 

TB=           
10µs 

TB=               
100µs 

TB= 
1ms 

1 4000 80000 80000 80000 79985 79888 79869 77383 0 0 0.0188 0.14 0.1638 3.2713 
2 6000 120000 120000 120000 119983 119832 119100 115175 0 0 0.0142 0.14 0.75 4.0208 
3 8000 160000 160000 160000 159994 159977 158986 157000 0 0 0.00375 0.01438 0.6338 1.875 
4 10000 200000 200000 200000 199990 199899 198079 197254 0 0 0.005 0.0505 0.9605 1.373 
5 12000 240000 240000 240000 239994 239922 239160 237607 0 0 0.0025 0.0325 0.35 0.9971 
6 14000 280000 280000 280000 279987 279878 278317 276596 0 0 0.0046 0.0436 0.6011 1.2157 

  
The table 6.1 reported the comparative simulation result analysis of multi-channel high-speed 

FPGA-PLC-FREQUENCY measurement module with respect to various TD and TB value. 

This table also includes the error in % for each channel. Similarly, the table 6.2 reported the 

comparative experimental results analysis of multi-channel high-speed FPGA-PLC-

FREQUENCY measurement module with respect to various TD and TB value. This table also 

includes the error in % for each channel. This simulation and experimental results analysis 

showed that the maximum accuracy of measured count with respect to setpoint is achieved in 

50ns and 100ns TB values for higher range of input frequency. The fig. 6.10 and fig. 6.11 

exhibit a comparative analysis of the simulation results and experimental results between 

setpoint count and measured count of the proposed multi-channel high-speed FPGA-PLC-

FREQUENCY measurement module with respect to various TB values. The fig. 6.12 and fig. 

6.13 exhibit a comparative analysis of the simulation results and experimental results between 

measured count error (%) vs. setpoint count of the proposed multi-channel high-speed FPGA-

PLC-FREQUENCY measurement module with respect to various TB values. These 

simulation and experimental results show the proposed module offer the scanning time 25ns 

for performing all channel execution. Tables 6.1 and 6.2 show that the results for 50ns and 

100ns are the same for different TD values. As a result, only 100ns results on simulation and 

experimental are displayed.  

 

Sr. 
No. 

Timer 
Delay 

TD 
(µs) 

Setpoint 
Count 

of 
Channel 

1 to 4 

Measure Count of Channel 1 to 4 Error in Percentage of Channel 1 to 4 
 

TB= 
50ns 

 
TB= 

100ns 

 
TB=    
1µs 

 
TB= 
10µs 

 
TB= 

100µs 

 
TB= 
1ms 

 
TB=                
50ns 

 
TB=                

100ns 

 
TB=             
1µs 

 
TB=           
10µs 

 
TB=               

100µs 

 
TB= 
1ms 

1 4000 80000  80000 80000 79995 79990 79863 79135 0 0 0.0063 0.0125 0.1713 1.0813 
2 6000 120000 120000 120000 119994 119833 119124 118205 0 0 0.005 0.1392 0.73 1.4958 
3 8000 160000 160000 160000 159994 159874 159290 157664 0 0 0.0038 0.0788 0.4438 1.46 
4 10000 200000 200000 200000 199988 199872 198506 197502 0 0 0.006 0.064 0.747 1.249 
5 12000 240000 240000 240000 239982 239906 239061 237092 0 0 0.0075 0.0392 0.3913 1.2117 
6 14000 280000 280000 280000 279988 279985 278342 276605 0 0 0.0043 0.0054 0.5921 1.2125 
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Fig. 6.10. Comparison analysis of the simulation results between setpoint count and measured count of 

the proposed multi-channel high-speed FPGA-PLC-FREQUENCY measurement module with respect to 
different TB value. 

 
Fig. 6.11. Comparison analysis of the experimental results between setpoint count and measured count of 
the proposed multi-channel high-speed FPGA-PLC-FREQUENCY measurement module with respect to 

different TB value. 
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Fig. 6.12. Simulation results of measured count error (%) vs. setpoint count of the proposed multi-

channel high-speed FPGA-PLC-FREQUENCY measurement module with respect to different TB value. 
 

 
Fig. 6.13. Experimental results of measured count error (%) vs. setpoint count of the proposed multi-

channel high-speed FPGA-PLC-FREQUENCY measurement module with respect to different TB value. 
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Table-6.3. Final device utilization report of the proposed multi-channel high-speed FPGA-PLC-
FREQUENCY measurement module. 

 
Table 6.4. The comparative experimental results analysis of the proposed module with the existing 

frequency module. 

Sr. 
No. 

Unit name (with company 
name) and model no. 

Maximum 
measurable 
frequency 

 
Inaccuracy No. of 

channels 
Scanning 

time 

1 

SIMATIC S7-1500/ET 
200MP Technology module 
TM Count 2x24V (Siemens) 

6ES7550-1AA00-0AB0 
[112] 

800kHz 

100 ppm, depends 
on measuring 
interval and 

signal evaluation 

2-Channels 
for Counter Not Listed 

2 

SIMATIC S7-1500/ET 
200MP Technology module 
TM PosInput 2 (Siemens) 
6ES7551-1AB00-0AB0 

[113] 

4MHz 

100 ppm, depends 
on measuring 
interval and 

signal evaluation 

2-Channels 
for Counter Not Listed 

3 High performance modular 
PLC (ABB) AC500 [114] 100kHz   

Not Listed 
 

Not Listed 
 

Not Listed 

4 
Logic controller (Schneider 

Electric) Modicon M241 
frequency meter [115] 

200kHz 
 

Not Listed 
 

Not Listed 
 

Not Listed 

5 

Very high-speed counter 
modules (Rockwell 

Automation) 1734-VHSC5 and 
1734-VHSC24 [116] 

1MHz 

 
Not Listed 

 
Not Listed 

 
Not Listed 

6 

ControlLogix high-speed 
counter module (Alen-

Bradley) catalog number 
1756-HSC [117] 

1 MHz with a 
pulse width > 

500 ns 

 
Not Listed 

 
Not Listed 

 
Not Listed 

7 
The proposed multi-channel 
FPGA-PLC-FREQUENCY 

measurement module 
20MHz 

 
<=1 ppm at TB = 
50ns and 100ns 

4-Channels 25ns 

 

The final device utilization report of the proposed multi-channel high-speed FPGA-PLC-

FREQUENCY measurement module is shown in the table-6.3. The hardware resources are 

Sr. 
No. Parameters Total Used Used in 

Percentage 
1 Total Slices 4400 4192 95.3 
2 Slice Registers 35200 9966 28.3 
3 Slice LUTs 17600 13154 74.7 
4 Block RAMs 60 5 8.3 
5 DSP48s 80 12 15.0 
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utilized in terms of total slice, slice registers, slice LUTs, block RAMs, and DSP48s. The 

space required for total slice, slice registers, slice LUTs, block RAMs, and DSP48s are 95.3 

percent, 28.3 percent, 74.7 percent, 8.3 percent, and 15.0 percent, respectively.  
 

The experimental results are performed using NI my-RIO-1900 platform. The comparative 

experimental results analysis of the proposed module with the existing frequency module are 

shown in the table 6.4. In order to analyze the comparative results, existing modules from 

reputable manufacturers are selected, such as Siemens, ABB, Rockwell Automation, and 

Schneider Electric. There are four factors to consider when selecting an existing PLC: 

maximum measurable frequency, accuracy, channel count, and scanning time.  According to 

table 6.4, the maximum measurable frequency of the existing modules is 1MHz. In 

comparison to them, the proposed module has a maximum measurable frequency of 20MHz. 

Also, the proposed module is capable of more accurate measurement of multiple frequency 

channels with respect to the existing module. The NI my-RIO 1900 FPGA platform has a 

clock frequency of 40MHz. The proposed module is developed with help of single cycle time 

loop. As a result, the proposed module is capable of scanning all executions in 25ns. 

 

6.4 Conclusion 

This chapter describes the proposed multi-channel FPGA-PLC-FREQUENCY measurement 

module which can be used for various frequency measurement applications. A LabVIEW-

FPGA based programming language is used to develop and simulate the proposed FPGA-PLC-

FREQUENCY measurement module, which is tested on the NI-myRIO-1900 FPGA platform. 

The proposed FPGA-PLC-FREQUENCY module is developed using a timer module with 

different resolutions and a counter module with high-speed. The timer modules have medium 

resolution capabilities such as 1ms, 10ms, 100ms, and 1000ms, as well as high-resolution 

capabilities such as 50ns, 100ns, 1µs, 10µs, and 100µs. The high-speed counter module is 

capable for measurement of 20MHz input pulses edges and update its counts accordingly. The 

FPGA device utilisation of the proposed module is reported with respect to the NI-myRIO-

1900 FPGA platform. The LabVIEW-GUI is developed for the proposed multi-channel 

frequency measurement module and it is used to provide a better user interface for monitoring 

and controlling the selection and values of various timers and counters. With the help of 

simulation results, experimental results and comparison analysis reported in table 6.4, the 

proposed FPGA-PLC-FREQUENCY measurement module enhance the performance and 

flexibility in term of multiple channels, accurate frequency measurement, faster scanning time 
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and other. The experimental test of the proposed module is performed using NI-myRIO-1900 

platform. For multi-channel, the proposed module execution time is 25ns. The recommended 

module was used to measure multi-channel frequency up to 20MHz.  The proposed module's 

claimed inaccuracy with TB = 50ns or 100ns is less than and equal to 1 ppm, and this value 

varies depending on the measurement interval, input frequency, and chosen TB value. The 

proposed FPGA-PLC frequency module performance with noise-corrupted frequency 

measurement signals is still to be studied, and it will be included in the future research.  
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CHAPTER – 7 

 MULTI-CHANNEL FPGA-PLC BASED PULSE 
WIDTH MODULATION ARCHITECTURE WITH 

HIGHER RESOLUTION, FASTER SCANNING AND 
HIGHER LINEARITY 

 

This chapter describes the proposed FPGA-PLC-DPWM, which is used for a multi-channel 

pulse width modulation signal generation. The FPGA-PLC-DPWM module is developed, 

simulated, and experimentally tested on the NI-myRIO-1900 FPGA platform for multi-channel 

interface. The proposed module offers better resolution, accuracy, linearity, execution time, 

variable duty cycle, and higher supporting switching frequency. The proposed module is useful 

for various power electronic applications for generation of high-resolution based firing pulses 

or driving pulses or triggering pulses and other. 

7.1 Introduction 

PLCs can be used for a variety of power electronic applications, including real-time power 

supply and distribution [118], monitoring and controlling the speed of three-phase induction 

motors [119-121], improving the power factor of three-phase induction motors [120], and 

more. By using a Supervisory Control And Data Acquisition (SCADA) system [122], a PLC 

is used to detect and protect the driver parameters of three phase asynchronous motors. Using 

Pulse Width Modulation (PWM) inverters [119, 121] and Space Vector Pulse Width 

modulators (SVPWM) [123], PLCs can control the speed of the induction motor. Using PLC 

PWM [124], the pneumatic actuator-driven position servo system can be controlled. As part of 

the synchronization application presented in [125], the authors present a PLC-based 

synchronization solution for multiple induction motors. The motor speed is controlled using a 

Proportional Integral (PI) controller and a PWM-controlled 3-phase voltage source inverter. In 

the manufacturing, chemical, and process sectors, PLC is used for sequential control and 

synchronisation of processes and auxiliary components [126-127]. PLC is used in motion 

control applications such as a multi-axes sun-tracking system for photovoltaic panels [128], as 

well as the measurement and control of robot position and velocity [129]. It's also employed in 

multi-axis servo automation applications [130-133] and multi-axis stepper motor driving 

applications [133]. PLC is a very flexible and effective technology for industrial control of 

electric drives [121] because of its many advantages. 
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The power transistor is used in a various application such as switch mode power supplies, 

relays, converters, power amplifiers, power control circuits, inverters, and so on. The PWM 

principle is widely used in power electronics applications for controlling DC-DC, DC-AC, and 

other power converters [134,135]. The switch control signal controls the state (ON or OFF) of 

the switch in PWM switching at a constant switching frequency. In a PWM control, this 

frequency is kept constant and is selected to be in the few kHz to a few hundred kHz range 

[135]. To generate specific switching patterns, typical power electronic converters only use 

pulse width modulation [136,137]. The buck converter regulates the dc-link voltage to produce 

a low-frequency PWM voltage that can be used to power high-brightness LEDs. PWM 

converters, such as boost, buck-boost, or flyback converters, are commonly used as power-

factor correctors [138]. The pulse width of the gating signal can be used to change the average 

value of a dc-dc converter. The PWM control technique is used to keep an SMPS's output 

voltage constant in the face of changing input voltage. When the converter switching frequency 

is in the range of 50-200 kHz for regular commercial applications, conventional PWM hard 

switching converters are still the best choice for improving power density, efficiency, 

reliability, and cost. However, there are some applications that require the design specifications 

such as switching frequency greater than 200 kHz, reduction of electro-magnetic interference 

and reduction of passive components size [139]. There is an increasing need for accurate 

control techniques for the design and simulation of PWM DC-DC converters in modern low-

power integrated circuits for the efficient electronic design automation of power management 

and distribution circuits [140]. Power transistors have a large physical size and a high parasitic 

capacitance. A series of MOSFET gate drivers is used to control the operation of the power 

transistors. The PWM signals are used to control the gate driver buffers [141]. The authors of 

[142] present single and double gate MOSFET-based buck regulators with PWM frequencies 

of 100kHz. Designers can use the high-efficiency PWM inverting converter to implement 

compact, low-noise negative output DC-DC converters. The switching frequency of PWM 

ranges from 300kHz to 800kHz [143]. The NCP1034 is a high voltage PWM controller 

intended for synchronous Buck DC-DC applications. The NCP1034 drives a pair of external 

N-MOSFETs with a programmable switching frequency of up to 500 kHz, allowing the IC to 

be tuned to meet system level requirements [144]. The authors present a PWM inverter with a 

switching frequency of 1 MHz that makes use of Si-MOSFETs and GaN power devices [145]. 

The author in [146] proposed a synchronous multi-channel PWM generator for driving servo 

motors in humanoid robot applications. The authors proposed a 1MHz frequency-based digital 

PWM controller IC for DC–DC switching converter applications in [147]. High frequency 
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pulses are used to operate the gate driver circuit of semiconductor switches in switch mode 

power converters [148]. These pulses are generated with help of Digital Pulse Width Modulator 

(DPWM). Pulse width modulation converters using digital controllers are becoming 

increasingly popular as discussed in [149] and their references because of their low energy 

consumption, immunity to analogue component variations, compatibility with modern systems, 

and faster design operation. A discussion of steady-state limit cycles in digitally controlled 

pulse width modulation converters is presented in article [150]. A proposal for their removal is 

provided, including specifications for the control law and the quantization resolution. In [151], 

the authors presented a review of DPWM architectures aimed at digital control of switching 

DC-DC converters. According to a review of DPWM architectures, a high frequency and high-

resolution of DPWM is a critical component for the successful implementation of practical 

digital control for high-frequency switching power converters. The authors demonstrated a 

variable frequency DPWM controller for low-power buck converters that employs a counter-

based PWM, a dual-edge triggered flip-flop, and a delay-line. This buck converter's DPWM is 

designed with a resolution of 10 bits and a switching frequency of 372 kHz [152]. The power 

transistors in the power converter are controlled by the pulsating waveform generated by the 

DPWM using the digital value of the duty ratio. To operate at a high switching frequency and 

maintain precise output voltage regulation, a high-resolution, high-frequency DPWM is 

required. The discrete set of achievable output voltages and duty ratios are dependent on the 

DPWM resolution. An undesirable limit-cycle oscillation may happen, if the DPWM resolution 

is not sufficiently high [150, 153, 154]. Practical implementations of digitally controlled high-

frequency power supplies should take the need for a high-resolution and high-frequency 

DPWM into consideration [147]. 
Despite their relevance in industrial automation during the twentieth and twenty-first centuries, 

breakthroughs in PLC performance have received little attention. However, significant 

contributions to this topic may be found in the literature, and the most notable ones are 

summarised. PLC research has made significant gains in enhancing competitiveness and 

reliability in manufacturing environments, yielding preferred results. However, there are a 

number of issues that must be addressed with the existing PLC and FPGA-based PLC 

architecture. These challenges include upgrades to existing PLC modules and improvement in 

FPGA device utilisation. The first challenge is to improve the resolution and execution time of 

the PWM module in conventional PLCs for higher frequency ranges so that it can be used for 

power electronics and other applications that require higher resolution and frequency. Another 

area of investigation for the investigator is an improvement in FPGA device utilisation in terms 
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of slice registers, slice LUTs, block RAMs, and other components. Therefore, improvement of 

existing PWM module can be necessary to achieve faster output switching frequency with 

accurate duty cycle range control, higher resolution, faster scanning time, rise time and fall 

time.  

The following are the main contributions of the proposed work.   

I. For the single channel and multi-channel interface, the FPGA-based DPWM module of 

PLC (FPGA-PLC-DPWM) is developed, simulated, and experimentally tested on the NI-

myRIO-1900 FPGA platform. 

II. In comparison to the work published in [148, 155-165], a new architecture based on the 

multi-channel FPGA-PLC-DPWM module is proposed, which improves performance and 

flexibility. In comparison to the work described in [132, 67, 155-165], it provides better 

resolution, accuracy, linearity, execution speed, variable duty cycle, and higher supporting 

switching frequency.   

III. The proposed module generates variable or fixed pulse widths at variable or fixed 

frequencies with higher resolution. As a result, it can be used a variety of power electronic 

applications such as the generation of firing pulses, driving pulses, triggering pulses, and 

other. Mostly, the proposed module can be suitable for power converter applications where 

higher resolution and higher switching frequency required. 

IV. The LabVIEW based GUI is developed for proposed multi-channel DPWM module and 

used to provide better user interface to monitor and control various parameters such as cycle 

value, ON time value, dead-time and other.   

The rest of the chapter is written as follows: Section II describes the high-resolution 

architecture of the FPGA-PLC-DPWM module using the SCTL. Section III presents and 

discusses the simulation and experimental results. Section IV concludes the work. 

7.2 High-resolution Architecture of FPGA-PLC-DPWM module using SCTL 

7.2.1 Mathematical model of proposed FPGA-PLC-DPWM using SCTL 

In convertors and other power electronic devices, PWM modulators are widely employed to 

drive the driver circuit. Below is a description of the proposed FPGA-PLC-DPWM 

mathematical model utilising SCTL. This module is simulated and real-time tested using 

LabVIEW FPGA. The experimental implementation is done on the NI myRIO 1900 FPGA 

platform. 

ton_board_FPGA = 
_ _

                             (7.1)  

Where,  
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fon_board_FPGA = on board FPGA frequency = 40MHz, and 

ton_board_FPGA = on board FPGA single clock cycle loop time = 25 ns. 

The single clock cycle time loop tick is NSCTL = 1 tick                          (7.2) 

1 tick = ton_board_FPGA = 25 ns                                         (7.3) 

The pulse width modulation frequency,  

fDPWM =                     (7.4) 

Where, tDPWM = cycle time period of DPWM signal,  

tDPWM = NDPWM_required  × ton_board_FPGA                 (7.5) 

Where, NDPWM_required = ticks required for cycle time period of DPWM signal  

NDPWM_required = 
_ _                   (7.6)  

The time base resolution of DPWM signal is  

DPWMtbr = 2 × ton_board_FPGA = 50 ns                                                                                     (7.7) 

The ON time period value of DPWM signal is DPWMon_time_period and OFF time period value 

of DPWM signal is DPWMoff_time_period 

The ON time period value count of DPWM,  

DPWMon_time_period_count = 
_ _                  (7.8)   

The OFF time period value count of DPWM,  

DPWMoff_time_period_count = 
                                                   (7.9) 

O = O1 OR PWM_Start                 (7.10) 

PWM_Stop = NOT (PWM_Bar_Stop)              (7.11)  

O1 = O AND PWM_Stop                                                   (7.12) 

The accumulation value of counter ACC is depending on rising edge of clock and O1.  

The ACC value and DPWM logic is found with respect to following pseudo code. 

if O1 = high and ACC < DPWMon_time_period_count then  

ACC = ACC + 1 

DPWM = high                                         (7.13) 

else 

if O1 = high and  DPWMon_time_period_count   ≤  ACC  <  DPWMoff_time_period_count 

ACC = ACC + 1 
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DPWM = low                   (7.14) 

else 

if O1 = high and ACC = DPWMoff_time_period_count then 

ACC = 0 

PWM = high                                                      (7.15) 

else 

if O1 = low then  

ACC = 0 

DPWM = low                                        (7.16) 

end if 

7.2.2 Architecture of proposed FPGA-PLC-DPWM using SCTL 

Fig. 7.1 shows the proposed FPGA-PLC-DPWM module for a single channel. The OR gate, 

AND gate, NOT gate, edge detection and counter, period count generation, and comparator 

blocks are used to construct the proposed module. The OR gate takes two input signals: 

PWM_Start and O1. This is referred to as the "sealing state". The PWM_Bar_Stop signal is 

fed into the NOT gate, which outputs the PWM_Stop signal. The OR gate output and 

PWM_Stop are the two inputs of the AND gate. The output of the AND gate is O1. The output 

O1 is energized when PWM_Stop is activated and the OR gate output contains high logic. The 

PWM_Start is a generally open push pull input switch. That is, the logic is high when the 

PWM_Start switch is pressed, and low when it is pulled. The PWM_Bar_Stop input is fed into 

the NOT gate, which has low logic at first. The NOT gate's output, as a result, is PWM_Stop, 

which has a high logic value. The PWM_Start switch is used to generate PWM signals 

indefinitely. When the PWM_Start switch is pressed, the AND gate's output, O1, has high 

logic, and PWM_Stop has high logic. When the PWM_Start switch is pulled (low logic), the 

O1 is activated or has high logic due to the sealing condition between PWM_Start and O1. For 

de-energized O1, the PWM_Bar_Stop logic is altered from low to high. 

The Edge Detection and Counter block takes the 40MHz clock frequency signal, 50ns Base 

Time resolution, and O1 as inputs. The accumulated counter value ACC is output by the edge 

detection and counter block. The ACC value is increased by one when the O1 value is high and 

two rising edges of a 40MHz clock frequency signal are detected. Based on Cycle Time and 

ON Time Value, the Period Count Generation block generates ON and OFF period counts. The 

ON Time Value of a DPWM signal is used to determine the ON time width. A DPWM signal's 
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frequency is calculated by dividing one by the Cycle Time Value. The comparator block 

generates a DPWM signal based on ACC, ON Period Count, and OFF Period Count. Eq. (7.13) 

to eq. (7.16) also determine the ACC value and DPWM signal width, according to pseudo code. 

The corresponding gate logic and ladder logic of the FPGA-PLC-DPWM module with single 

channel are shown in fig. 7.2 and fig. 7.3, respectively. The proposed FPGA-PLC-DPWM 

module's ladder logic has two rungs, as shown in fig. 7.3. The O1 signal is generated by the 

first rung, whereas the DPWM signal is generated by the second. For a single channel, the 

proposed module has a scanning period of 25ns. Fig. 7.4 shows the timing diagram of the 

proposed FPGA-PLC-DPWM with single channel. 

The associated ladder logic of the proposed FPGA-PLC-DPWM module with multi-channel 

are shown in fig. 7.5 and fig. 7.6. The proposed FPGA-PLC-DPWM module's ladder logic 

contains six rungs, as shown in fig. 7.6. The first rung yields O1, while the second through 

sixth rungs generate DPWM1 through DPWM5. The proposed module's scanning time for 

multiple-channel is 25ns. The proposed FPGA-PLC-DPWM multi-channel module can 

generate variable and fixed frequency DPWM signals with varied widths. Because of the 

simplicity of the proposed multi-channel module, it can be used for synchronous applications 

such driving many actuating devices with improved resolution and speed. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.1: Architecture of proposed single channel FPGA-PLC-DPWM. 
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Fig. 7.2: Gate logic of proposed single channel FPGA-PLC-DPWM. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 7.3: Ladder logic of proposed FPGA-PLC-DPWM with single channel. 
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Fig. 7.4: Timing Diagram of proposed FPGA-PLC-DPWM with single channel. 
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Fig. 7.5: Architecture of proposed FPGA-PLC-DPWM with multi-channel. 
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Fig. 7.6: Ladder logic of proposed FPGA-PLC-DPWM with multi-channel. 

PWM_Start 

O1 

PWM_Bar_Stop O1 
O 

O1 

Base Time Resolution = 50 ns 

ON Time Value 1 

Cycle Time Value 1 

DPWM 1 
Generation 

Block 

DPWM 1 

O1 

Base Time Resolution = 50 ns 

ON Time Value 2 

Cycle Time Value 2 

DPWM 2 
Generation 

Block 

DPWM 2 

O1 

Base Time Resolution = 50 ns 

ON Time Value 3 

Cycle Time Value 3 

DPWM 3 
Generation 

Block 

DPWM 3 

O1 

Base Time Resolution = 50 ns 

ON Time Value 4 

Cycle Time Value 4 

DPWM 4 
Generation 

Block 

DPWM 4 

O1 

Base Time Resolution = 50 ns 

ON Time Value 5 

Cycle Time Value 5 

DPWM 5 
Generation 

Block 

DPWM 5 

Dead Time Value 1 

Dead Time Value 2 

Dead Time Value 3 

Dead Time Value 4 

Dead Time Value 5 



 

163 
 

7.3 Results and discussion 

The proposed multi-channel DPWM module is simulated with help of LabVIEW-FPGA and it 

is dumped on the NI-myRIO-1900 FPGA platform. The device utilization of FPGA is 

summarized with respect to NI-myRIO-1900 FPGA platform. The LabVIEW based GUI is 

developed for proposed multi-channel DPWM module and used to provide better user interface 

to monitor and control various parameters.   

7.3.1 Simulation results 

The simulation findings are obtained using the LabVIEW FPGA tools in this study. The 

LabVIEW software is also used to create GUI. The front panel is where the user interface is 

created, whereas the back panel is where the logic is implemented. Fig. 7.7 shows the 

simulation results for a single channel FPGA-PLC-DPWM. The on-board 40MHz clock 

frequency, O1, and DPWM output signal are shown in fig. 7.7. The ON width of the DPWM 

output signal is 50ns, and the OFF width is 950ns. The DPWM signal has a total time period 

of 1000ns and a switching frequency of 1MHz, respectively. In fig. 7.8, the enlarged view of 

fig. 7.7 is shown. 

 
Fig. 7.7: Simulation results of single channel FPGA-PLC-DPWM with time period and switching 

frequency of DPWM signal is 1000ns and 1MHz. 
 

Fig. 7.8: Expand view of fig. 7.7. 

This study discusses the simulation results of the multi-channel FPGA-PLC-DPWM in relation 

to various situations. 
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Case-1: All DPWM signals have same frequency and same ON width period: 

The LabVIEW-based GUI for the proposed multi-channel (five channels) FPGA-PLC-DPWM 

module is shown in fig. 7.9. PWM_Start, PWM_Stop, cycle time value, on time value, on 

time/base time value, cycle time/base time value, and accumulated values are all displayed in 

the GUI. PWM_Start and PWM_Stop, as well as the cycle time and on time values, are all 

controllable values. In the proposed work, the base time value or time base resolution of 

DPWM signal (DPWMtbr) is 50ns. 

Fig. 7.9 shows the LabVIEW-based GUI for the proposed multi-channel (five channels) FPGA-

PLC-DPWM module. The GUI shows the following values: PWM_Start, PWM_Stop, cycle 

time value, on time value, on time/base time value, cycle time/base time value, and 

accumulated values. The cycle time and on time settings, as well as PWM_Start and 

PWM_Stop are all configurable. The base time value or time base resolution of the DPWM 

signal (DPWMtbr) in the proposed work is 50ns.  

 

Fig. 7.9: LabVIEW-based GUI for the proposed multi-channel FPGA-PLC-DPWM module. 

 
Fig. 7.10: Simulation results of multi-channel FPGA-PLC-DPWM module with case 1. 
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The simulation performance of the multi-channel FPGA-PLC-DPWM module for case 1 is 

shown in Fig. 7.10. This figure shows the waveforms of the on-board 40MHz clock frequency 

and five DPWM output signals (DPWM 1 to DPWM 5). This waveform has the same switching 

frequency, cycle time value, ON time, and OFF time width for each DPWM channel, which 

are 1MHz, 1000ns, 50ns, and 950ns, respectively. 

Case-2: All DPWM signals have same frequency and different ON width period: 

 

Fig. 7.11: Simulation results of multi-channel FPGA-PLC-DPWM module with case 2. 

 
Fig. 7.12: Simulation results of multi-channel FPGA-PLC-DPWM module with case 3. 

 

Fig. 7.13: Simulation results of multi-channel FPGA-PLC-DPWM module with case 4. 

The simulation performance of the multi-channel FPGA-PLC-DPWM module for case 2 is 

shown in Fig. 7.11. The on-board 40MHz clock frequency and five DPWM output signals are 

shown as waveforms (DPWM 1 to DPWM 5). Each DPWM channel in this waveform has the 

same switching frequency and cycle duration of 1MHz and 1000ns, respectively. DPWM 1, 
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DPWM 2, DPWM 3, DPWM 4, and DPWM 5 have ON time widths of 50ns, 100ns, 150ns, 

200ns, and 250ns, respectively. Similarly, DPWM 1, DPWM 2, DPWM 3, DPWM 4, and 

DPWM 5 have OFF time widths of 950ns, 900ns, 850ns, 800ns, and 750ns, respectively. 

Case-3: All DPWM signals have different frequency and same ON width period: 

The simulation performance of the multi-channel FPGA-PLC-DPWM module for case 3 is 

shown in Fig. 7.12. Each DPWM channel has the identical ON and OFF time widths in this 

scenario, which are 50ns and 950ns, respectively. DPWM 1, DPWM 2, DPWM 3, DPWM 4, 

and DPWM 5 have switching frequencies of 1MHz, 833.33 kHz, 714.286 kHz, 625 kHz, and 

555.556 kHz, respectively. DPWM 1, DPWM 2, DPWM 3, DPWM 4, and DPWM 5 have 

cycle times of 1000ns, 1200ns, 1400ns, 1600ns, and 1800ns, respectively. 

Case-4: All DPWM signals have different frequency and different ON width period: 

The simulation performance of the multi-channel FPGA-PLC-DPWM module for case 4 is 

illustrated in fig. 7.13. DPWM 1, DPWM 2, DPWM 3, DPWM 4, and DPWM 5 have ON time 

widths of 50ns, 100ns, 150ns, 200ns, and 250ns, respectively. DPWM 1, DPWM 2, DPWM 3, 

DPWM 4, and DPWM 5 have OFF time widths of 950ns, 900ns, 850ns, 800ns, and 750ns, 

respectively. DPWM 1, DPWM 2, DPWM 3, DPWM 4, and DPWM 5 have switching 

frequencies of 1MHz, 833.33kHz, 714.286kHz, 625kHz, and 555.556kHz, respectively. 

DPWM 1, DPWM 2, DPWM 3, DPWM 4, and DPWM 5 have cycle times of 1000ns, 1200ns, 

1400ns, 1600ns, and 1800ns, respectively. 

Case-5: All DPWM signals have same frequency, same ON width period and different 
dead-time: 

 

Fig. 7.14: Simulation results of multi-channel DPWM signals at 100kHz signal with respect to various 
dead-time. Dead-time for signal 1 = 0ns, dead-time for signal 2 = 50ns, dead-time for signal 3 = 100ns, 
dead-time for signal 4 = 150ns. Cycle time 10µs and ON time of pulse width = 10% of cycle time = 1µs. 

The proposed multi-channel DPWM module is also capable to generate accurate PWM pulses 

with dead-time delays and duty cycle. The dead-time delays insertion is essential in several 

electrical circuits including inverters, converters and other. The dead-time delays are used to 
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prevent short circuit associated with simultaneous ON/OFF switching of switches. The fig. 

7.14 shown the simulation results of multi-channel DPWM signals at 100kHz signal with 

respect to various dead-time. The dead-time for signal 1 = 0ns, dead time for signal 2 = 50ns, 

dead time for signal 3 = 100ns, dead-time for signal 4 = 150ns. With respect to DPWM 

switching frequency 100kHz, the cycle time is 10µs and the ON time of pulse width is 10% of 

cycle time that means 1µs. The expand view of the fig. 7.15 is presented in fig. 7.14. 

 

Fig. 7.15: Expand view of the fig. 7.16. 

The simulation results show that the produced DPWM signals have zero error in terms of 

switching frequency, cycle duration, and ON and OFF time width in each case. 

7.3.2 Experimental results 

The proposed PLC-DPWM module is developed using the National Instrument platform 

myRIO1900 with Xilinx Z7010 FPGA. This section presents the experimental results for the 

proposed SCTL based FPGA-PLC-DPWM module. The experimental setups for a single 

channel and a multi-channel FPGA-PLC-DPWM module are shown in fig. 7.16 and fig. 7.17, 

respectively. A myRIO-1900 kit, a Tektronix/MDO3014 100MHz, 2.5 GS/s mixed domain 

oscilloscope, and a laptop for connecting and programming the kit make up the experimental 

setup. The output DPWM pulses from the FPGA kit are displayed on the oscilloscope. The 

DPWM signal frequency, resolution, cycle time, and ON width time were set using a GUI on 

a laptop for testing reasons; as a result, the cycle time pulse, frequency, minimum ON width 

time, rise time, and fall time can all be collected and monitored on a single oscilloscope screen.  

For the identical values of clock and output DPWM frequencies up to 1MHz, the proposed 

scheme's performance is measured in terms of resolution, accuracy, rise time, fall time, ON 

width time, OFF width time, and linearity error. The Linearity error is determined to assess the 

deviation of observed pulse width at the output from the theoretical value, and it has the formula   

Linearity Error in Duty Cycle (%) =(     ) × 
  

                       (7.17) 
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Where, full scale value is the value of pulse width obtained when control signal is maximum. 
 

 
Fig. 7.16: Experimental setups for a single channel FPGA-PLC-DPWM module. 

 
Fig. 7.17: Experimental setups for a multi-channel FPGA-PLC-DPWM module. 

The experimental result of a single channel FPGA-PLC-DPWM module with different 

parameter set point values such as ON width time = 50ns, frequency = 1MHz, cycle time or 

period = 1000ns, and time base resolution = 50ns is shown in fig. 7.18 (a), and the expand view 

is given in fig. 7.18 (b). Similarly, fig. 7.19 shows the experimental results of a single channel 

FPGA-PLC-DPWM with different set point values, such as ON width time = 300ns, frequency 

= 1MHz, cycle time or period = 1000ns, and time base resolution = 50ns. The experimental 

result of a single channel FPGA-PLC-DPWM with different parameter set point values, such 

as ON width time = 100ns, frequency = 500kHz, cycle time or period = 2000ns, and time base 

resolution = 50ns, is shown in fig. 7.20. The experimental result of a single channel FPGA-

PLC-DPWM with different parameters set point values, such as ON width time = 50ns, 
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frequency = 100kHz, cycle time or period = 10000ns, and time base resolution = 50ns, is shown 

in fig. 7.21. The experimental result of a single channel FPGA-PLC-DPWM with different 

parameters set point values, such as ON width time = 50ns, frequency = 10kHz, cycle time or 

period = 100000ns, and time base resolution = 50ns, is shown in fig. 7.22. The experimental 

result of a single channel FPGA-PLC-DPWM module with different parameter set point values 

such as ON width time = 50ns, frequency = 9.7608kHz, cycle time or period = 102450ns, and 

time base resolution = 50ns is shown in fig. 7.23 (a), and the expand view is displayed in fig. 

7.23 (b). The experimental results of a single channel FPGA-PLC-DPWM module in 

nanosecond between the desired duty cycle and the observed duty cycle are shown in fig. 7.24. 

The findings were obtained at switching frequencies of 1MHz, 500kHz, 100kHz, 10kHz, and 

9.7608kHz, among others. Fig. 7.25 shows the duty cycle linearity error plot of the single 

channel FPGA-PLC-DPWM module with respect to various switching frequencies. At various 

switching frequencies, such as 1MHz, 500kHz, 100kHz, 10kHz, and 9.7608kHz, the highest 

duty cycle linearity error is 0.0200 percent, 0.0100 percent, 0.0020 percent, 0.00020 percent, 

and 0.00029 percent, respectively. 

 
(a) 

 
(b) 

Fig. 7.18: (a): Experimental result of single channel FPGA-PLC-DPWM where ON width time = 50ns, 
frequency = 1MHz, cycle time or period = 1000ns, time base resolution = 50ns. (b): Expand view of (a). 

 
Fig. 7.19: Experimental result of single channel 
FPGA-PLC-DPWM where ON width time = 300ns, 
frequency = 1MHz, cycle time or period = 1000ns, 
time base resolution = 50ns. 

 
Fig. 7.20: Experimental result of single channel 
FPGA-PLC-DPWM where ON width time = 
100ns, frequency = 500kHz, cycle time or period = 
2000ns, time base resolution = 50ns. 
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Fig. 7.21: Experimental result of single channel 
FPGA-PLC-DPWM where ON width time = 50ns, 
frequency = 100kHz, cycle time or period = 
10000ns, time base resolution = 50ns. 

 
Fig. 7.22: Experimental result of single channel 
FPGA-PLC-DPWM where ON width time = 50ns, 
frequency = 10kHz, cycle time or period = 
100000ns, time base resolution = 50ns. 

 
(a) 

 
(b) 

Fig. 7.23: (a): Experimental result of single channel FPGA-PLC-DPWM where ON width time = 50ns, 
frequency = 9.7608kHz, cycle time or period = 102450ns, time base resolution = 50ns. (b): Expand view 

of (a). 
 

 

Fig. 7.24: Comparison analysis of the experimental results between target and measure duty cycle of 
DPWM signal in nanosecond with respect to different switching frequencies. 
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Fig. 7.25: Duty cycle linearity error plot of the DPWM signal with respect to different switching 
frequencies. 

 

Fig. 7.26: Rise time and fall time of the DPWM signal with respect to different switching frequencies and 
target duty cycle. 

Fig 7.26 shows a comparison of the experimental findings of a single channel FPGA-PLC-

DPWM module's rise and fall times in nanosecond with respect to various switching 

frequencies and desired duty cycle. The findings were obtained at switching frequencies of 

1MHz, 500kHz, 100kHz, 10kHz, and 9.7608kHz, among others. At different switching 

frequencies, such as 1MHz, 500kHz, 100kHz, 10kHz, and 9.7608kHz, the highest increase 

time reported is 8.924ns, 8.681ns, 9.391ns, 8.808ns, and 8.808ns, respectively. The largest fall 

time is 6.251ns, 6.364ns, 6.439ns, 6.092ns, and 6.491ns for different switching frequencies, 

such as 1MHz, 500kHz, 100kHz, 10kHz, and 9.7608kHz, respectively. Fig. 7.27 shows the 
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amplitude of the single channel DPWM output signal at various frequencies, which ranges from 

2.56 V to 2.84 V. 

 
Fig. 7.27: Amplitude of the DPWM signal with respect to different switching frequencies and target duty 

cycle. 

 
(a) 

 
(b) 

Fig. 7.28: (a): Experimental result of multi-channel FPGA-PLC-DPWM where frequency = 1MHz, 
cycle time or period = 1000ns, time base resolution = 50ns (a): ON width time = 50ns (b): ON width 

time = 100ns. 

 
(a) 

 
(b) 

Fig. 7.29: (a): Experimental result of multi-channel FPGA-PLC-DPWM where frequency = 100kHz, 
cycle time or period = 10000ns, time base resolution = 50ns (a): ON width time = 50ns (b): ON width 

time = 250ns. 
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Fig. 7.30: Experimental result of multi-channel FPGA-PLC-DPWM where frequency = 1MHz, cycle 

time or period = 1000ns, time base resolution = 50ns and ON time width of DPWM 1, DPWM 2, 
DPWM 3, and DPWM 4, are 100ns, 150ns, 200ns and 250ns, respectively. 

Fig. 7.28 shows the experimental results of a multi-channel FPGA-PLC-DPWM module with 

different parameter set points such as frequency = 1MHz, cycle time or period = 1000ns, and 

time base resolution = 50ns. Fig. 7.28 (a) and (b) show waveforms for various ON width times, 

such as 50ns and 100ns, respectively. Fig. 7.29 depicts the experimental results of a multi-

channel FPGA-PLC-DPWM module with different parameter set points such as frequency = 

100kHz, cycle time or period = 10000ns, and time base resolution = 50ns. Fig. 7.29 (a) and (b) 

show waveforms for various ON width times, such as 50ns and 250ns, respectively. The 

experimental result of multi-channel FPGA-PLC-DPWM module with various parameters set 

point value such as frequency = 1MHz, cycle time or period = 1000ns, and time base resolution 

= 50ns and ON time width of DPWM 1, DPWM 2, DPWM 3, and DPWM 4, are 100ns, 150ns, 

200ns and 250ns, respectively are shown in the fig. 7.30. 
Table 7.1: Experimental results of the proposed FPGA-PLC-DPWM module with existing FPGA based 
DPWM module. 

Parameter Counter 
Based 
[148] 

Hybrid 
[148] 

Interleaved 
hybrid 
[148] 

Proposed FPGA-PLC DPWM using SCTL Counter 

On board 
FPGA 

frequency 

50MHz 50MHz 50MHz 40MHz 

Derive 
clock 

frequency 

10MHz 10MHz 10MHz Not Derived 

Supported 
output 

DPWM 
frequency 

range 

9.76kHz 9.76kHz 9.76kHz 1MHz to 1kHz 

Output 
DPWM 

frequency 

9.76kHz 9.76kHz 9.76kHz 1MHz 500kHz 100kHz 10kHz 9.7608kHz 
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Max. 
linearity 

error 

0.002% 0.005% 0.0073% 0.02% 0.01% 0.002% 0.0002% 0.00029% 

Resolution 100ns 25ns 12.5ns 50ns 
Rise time NR NR NR < 9.5ns < 9.5ns < 9.5ns < 9.5ns < 9.5ns 
Fall time NR NR NR < 6.5ns < 6.5ns < 6.5ns < 6.5ns < 6.5ns 

Amplitude 
of DPWM 

signal 

NR NR NR 2.64  -  
2.84 V 

2.58 - 
2.75 V 

2.56 - 
2.76 V 

2.56 -  
2.72 V 

2.58 - 2.72 
V 

Scanning 
time 

NR NR NR 25ns 

No. of 
channel 

NR NR NR 05 

No. of 
counter  

01 01 01 01 counter for each channel 

No. of 
comparator 

01 01 01 01 comparator for each channel 

No. of 
Digital 
Clock 

Manager 
(DCM) 

00 02 03 00 

No. of 
AND gate 

00 05 09 00 

No. of 
multiplexer 

00 01 01 00 

Where, NR = Not Reported. 

Table 7.1 compares the testing results of the proposed FPGA-PLC-DPWM module with those 

of an existing FPGA-based DPWM architecture. On-board FPGA frequency, derive clock 

frequency, supported output DPWM frequency range, linearity error with respect to output 

DPWM frequency, resolution, rise time, fall time, amplitude of DPWM signal, scanning time, 

number of channels, number of counters, number of comparators, number of digital clock 

managers, and number of AND gates are all investigated in this research. This analysis shows 

that the proposed method delivers more linearity than the study reported in [148]. It also 

demonstrates that the proposed technique has a higher resolution than the counter-based 

approach presented in [148]. The proposed technique is evaluated and experimentally proven 

across a greater frequency range of 1 MHz to 1 kHz than [148]. With a maximum execution 

time of 25 ns, this method has been simulated and experimentally tested for five channels. The 

offer rise and fall timings for the proposed scheme are all smaller than 9.5ns and 6.5ns, 

respectively. 

With respect to various implementations of PWM_1, PWM_2, PWM_DIM_1, PWM_DIM_2, 

and PWM_DIM_7, the hybrid execution time stated in [67] is 0.77 s, 1.2 s, 1.14 s, 2.03 s, and 

6.48 s, respectively. The PWM_1 and PWM_2 was created with a set frequency and duty cycle 

in consideration. In comparison to [67], the proposed technique has a shorter execution time, a 

variable duty cycle, and a greater PWM support switching frequency. The author utilized two 
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Omron CP1L PWM outputs to show PWM control and identification of frequency 

characteristics of a pneumatic actuator using a PLC in [124]. Using programmable PWM 

outputs, the frequency may be set from 0 to 6 kHz with a resolution of 0.1 Hz, or from 0 to 32 

kHz with a resolution of 1 Hz in [124].  The duty cycle of the pulse may also be controlled with 

a range of 0 percent to 100 percent and resolutions of 0.1 percent and 1 percent in the first and 

second situations, respectively. The authors introduced a synchronous multi-channel pulse 

width modulation generator with a duty cycle of (1-2 ms) and a fix period of 20 ms for operating 

servo motors of humanoid robots in [134]. The maximum PWM frequencies for secondary 

digital functions available in NI myRIO support upto 100kHz [166]. In comparison to [123, 

134, 166], the proposed system offers a wide switching frequency of PWM in the range of 

1kHz to 1MHz, with a duty cycle of 0 percent to 100 percent and a resolution of 50ns.   

Table 7.2: Experimental results of the proposed FPGA-PLC-DPWM module with existing PLC based 
DPWM module [155-165]. 

Unit name (with 
company  

name) and model no. 

PWM 
Channel 

PWM 
frequency 

Amplitude 
of PWM 
Signal 

Duty Cycle 
Range 

Scanning 
Time 

Resolution 
 

Rise 
time/
Fall 

Time 

Maximum 
Duty Cycle 
Inaccuracy 

EL2502 
(BECKHOFF) [155] 

2 20 Hz to 
20 kHz 

24 V D.C. 0…100 % 
(TON > 50ns, 
TOFF >500ns) 

NR NR NR NR 

Multi-function 
counter/timer module 

(QD65PD2) 
(Mitsubishi Electric) 

[156] 

NR 200 kHz NR NR NR 0.1µs = 
100ns 

increments  

NR NR 

P1-04PWM 
Sinking/Sourcing DC 

Output 
(Automationdirect 
productivity 1000) 

[157] 

4 0-20 kHz 5-24 V DC 0-100% 
(<10 kHz) 

 
5-95% 

(10-20 kHz) 

NR NR NR 0.6% for less 
than 10000 

Hz; 
1.2% between 
10000-20000 

Hz 
4402 PWM output 
module for point 
I/OTM (Advance 

Micro Controls INC.) 
[158] 

2 1 Hz to 20 
kHz 

24 V DC 0-100% 
(<10 kHz) 

0%, 1% and 
5-95% 

( 10 kHz) 

NR 0.1% 
resolution 

NR NR 

Digital output module 
DQ 8x24 V DC/2A 

HF 
(SIMATIC S7-1500) 

6ES7522-1BF00-
0AB0 [159] 

2 10 Hz to 
500 Hz 

24 V DC 0-100% NR 0.1% 
resolution = 

300µs 

NR NR 

MELSEC iQ-R High 
speed counter module 

User's Manual 
(Startup) RD62P2, 

RD62P2E [160] 

2 200 kHz NR increments of 
100ns = 0.1µs 
for cycle and 

ON time 

NR 0.1µs = 
100ns 

increments  

1µs NR 

Scalable PLC AC500 
CD522 encoder 
module [161] 

2 0-100 kHz 24 V DC 0-100% NR NR NR NR 
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CP1L (CP series CPU 
Unit ) 
Omron 

CP1L-EM40D 
CP1L-EM30D 
CP1L-EL20D 

[162] 

2 0-32.8 
kHz 

 
 

NR 0-100% NR 0.1% or 1% 
increments 

NR +1%/0% 
between 
0.1Hz to 

10kHz and 
+5%/0% 
between 
10kHz to 
32.8kHz 

CJ-series CJ2M CPU 
Units, Pulse I/O 

modules, Sinking-type 
(CJ2M-MD211) 

Omron 
[163] 

 
 

4 0-32.8 
kHz 

 

NR 0-100% NR 0.1% 
increments 

NR 0.2% to +1%  
(ON duty less 
than and equal 
6.5535 kHz),  
1% to +5% 
(ON duty at 
32.8 kHz)  

(for ON pulse 
width of 2 µs 

or longer) 
CJ-series CJ2M CPU 

Units, Pulse I/O 
modules, Sourcing-

type                            
(CJ2M-MD212) 

Omron 
[163] 

 

4 0-32.8 
kHz 

 

NR 0-100% NR 0.1% 
increments 

NR ±0.5%, 
(ON duty less 
than and equal 
6.5535 kHz),  

+2.5% 
(ON duty at 
32.8 kHz)  

(for ON pulse 
width of 2 µs 

or longer) 
RD62P2 

RD62P2E 
RD62D2 

(Mitsubishi) 
[164] 

2 0-200 kHz 
 
 

NR 100 ns pulse 
width 

(proportion to 
'on' time) during 

the required 
duty cycle 

NR 100ns NR NR 

General Purpose 
Motion Controller 
DVP10PM00M 

Delta [165] 

NR 0-200 kHz 
 

NR NR NR 0.3% NR NR 

Proposed FPGA-PLC-
DPWM module 

 

05 1kHz to 
1MHz        

2.56 V to 
2.84 V 

0 to 100% 
TON >= 50ns, 
TOFF >= 50ns, 
with step size of 

50ns 

25ns 50ns <9.5ns
/ 

<6.5ns 

0.3ns for the 
range of 
1MHz to 

1kHz 

 
The conventional PLC-PWM modules are manufactured by a number of firms, including 

Delta, Omron, Siemens, Mitsubishi Electric, Advance Micro Controls, and others [155-165]. 

Table 7.2 compares the proposed FPGA-PLC-DPWM module's study findings to existing 

PLC-based PWM modules. The experimental findings look into the unit’s name (along with 

the company name), model number, PWM channels, PWM frequency, amplitude of the PWM 

signal, duty cycle range, scanning time, resolution, rising time, fall time, and total duty cycle 

inaccuracy. The literature survey discussed in this chapter present that the power converter 

switching frequency is selected to be in the few kHz to a few hundred kHz and some 

application it can be used for in the range of MHz. As discussed in [147], to operate at a high 

switching frequency and maintain precise output voltage regulation, a high-resolution, high-
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frequency DPWM is required.  With comparison to the existing PLC PWM module discussed 

in table 7.2 [155-165] indicates that the proposed module offers greater output switching 

frequency with accurate duty cycle range control, faster scanning time, higher resolution and 

multiple channel capability, faster rise time, fall time, and higher accuracy. As a result, the 

proposed high-resolution DPWM module can be used a variety of power electronic 

applications such as the generation of firing pulses, driving pulses, triggering pulses, and 

other. Mostly, the proposed module can be suitable for power converter applications where 

higher resolution and higher switching frequency required. The experimental results are 

performed using NI my-RIO-1900 platform. The NI my-RIO 1900 FPGA platform has a clock 

frequency of 40MHz. The proposed module is developed with help of single cycle time loop. 

As a result, the proposed module is capable of scanning all executions in 25ns. 
Table 7.3: Device utilization analysis of the proposed FPGA-PLC-DPWM module. 

Sr. 
No. 

Parameters Available FPGA-PLC-DPWM 
(Single channel) 

FPGA-PLC-DPWM 
(Multi-channel) 

Used Used in (%) Used Used in (%) 
1 Slice Registers 35200 8501 24.2 13653 38.8 
2 Slice LUTs 17600 8626 49.0 14419 81.9 
3 Block RAMs 60 5 8.3 5 8.3 
4 DSP48s 80 0 0.0 40 50 

 
The proposed FPGA-PLC-DPWM module's final device usage of hardware resource is 

presented in table 7.3 for single channel and multiple channels. For the development of the 

proposed single-channel FPGA-PLC-DPWM module, 24.2 percent slice registers, 49 percent 

slice LUTs, 8.3 percent block RAMs, and zero percent DSP48s were required. Similarly, with 

a multi-channel FPGA-PLC-DPWM module, 38.8 percent slice registers, 81.9 percent slice 

LUTs, 8.3 percent block RAMs, and 50 percent DSP48s were required. 

7.4 Conclusion 

This chapter describes the proposed single channel and multi-channel FPGA-PLC-DPWM 

module which can be used for various power electronic and other applications. A LabVIEW-

FPGA based programming language is used to develop and simulate the proposed FPGA-PLC-

DPWM module, which is tested on the NI-myRIO-1900 FPGA platform. The proposed FPGA-

PLC-DPWM module is developed using an edge detection block, counter block and 

comparator block. The FPGA device utilisation of the proposed module is reported with respect 

to the NI-myRIO-1900 FPGA platform. The LabVIEW-GUI is developed for the proposed 

FPGA-PLC-DPWM module and it is used to provide a better user interface for monitoring and 

controlling various parameters.  The proposed multi-channel FPGA-PLC-DPWM module 

improves performance and flexibility over the work detailed in [148, 155-165]. Furthermore, 
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based on the simulated and experimental results, it can be concluded that the proposed FPGA-

PLC-DPWM provides greater resolution, better accuracy and linearity, faster execution time, 

variable duty cycle, and higher supporting switching frequency than the work reported in [124, 

148, 67, 155-166]. The recommended module can produce pulses with variable or fixed widths 

and variable or constant frequency. As a result, it will be useful for the generation of firing, 

driving, triggering, and other pulses in a range of power electronic applications. 
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CHAPTER – 8 

CONCLUSION AND FUTURE SCOPE  
8.1 Conclusion 

With respect to high-speed, multi-channel, multi-tasking industrial applications, existing PLCs 

suffer from such limitations as less flexibility, poor scanning time, slower speed, and slower 

response. In this thesis, a new methodology is proposed for improvement of existing 

Programmable Logic Controller performance with help of Field Programmable Gate Array. As 

a result, the PLC's performance improved in areas such as speed, scanning time, flexibility, 

resolution, linearity, and other factors. This goal is achieved through a variety of modules for 

distinct uses. As a result, the proposed FPGA-PLC modules can be used for a wide range of 

industrial applications, including multi-channel pulse, speed, direction, and position 

measurement and control, multi-axis motion measurement and control, multi-channel time 

delay and pulse generation, power converter controlling application and so on. The proposed 

thesis's purpose is to demonstrate how to build a PLC that followed the IEC 61131-3 standard. 

The developed PLC is implemented as a System on Chip using an FPGA chip. The proposed 

FPGA-PLC modules are developed and simulated with LabVIEW based GUI. 

Firstly, an IEC 61131-3 compliant PLC counters using FPGA (FPGA-PLC-HSC module) are 

implemented. The proposed FPGA-PLC-HSC module is developed and simulated in 

LabVIEW based programming language and dumped in the NI-myRIO 1900 FPGA platform. 

The proposed FPGA-PLC-HSC module is suitable for high-speed pulse measuring applications 

with single or multiple channels. In 1-phase 1-input pulse input mode, thirty-eight counters are 

developed and simulated for the single channel application. Similarly, seven counters are 

developed and simulated in the 1-phase 2-inputs pulse input mode for the single channel 

application. The proposed HSC module is developed to operate as a multichannel FPGA-PLC-

HSC for pulse measurement applications. Each channel in a multi-channel HSC module 

supports a total of thirty-six counters selections. This allows users to select one counter per 

channel depending on their application requirements. Each channel in the proposed module can 

handle input signals with a fixed or variable frequency. The proposed module allows for a 

maximum input frequency of 20MHz for each channel, and counting the pulses counts 

accurately and updates outputs. The proposed module offers a scanning time of 25 ns for 

scanning all input status, performing execution based on user input programme, and updating 

all 9-channel outputs. The proposed multi-channel HSC module is simulated in LabVIEW 

FPGA and loaded into the NI-myRIO-1900 FPGA platform. The FPGA device utilisation is 
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reported with respect to the NI-myRIO-1900 FPGA platform. The LabVIEW-GUI is developed 

for the proposed multi-channel HSC module and it is utilised to give a better user interface for 

monitoring and controlling the selection and values of various counters. With the help of 

simulation result and comparison analysis reported in table 3.4, the proposed module is faster, 

compact, cost-effective, user-friendly, simple, with a shorter scan time. 

Secondly, a high-speed 2-phases 2-inputs counter (FPGA-PLC high-speed phase counter) 

module for PLCs is developed, simulated, and tested on d.c. motor phase measurement 

application with 1X, 2X, and 4X resolutions using NI my-RIO FPGA platform. The GUI of 

the proposed FPGA-PLC high-speed phase counter module is developed using LabVIEW for 

1X, 2X, and 4X resolutions. Furthermore, the simulation results show that the proposed FPGA-

PLC high-speed phase counter module has a shorter scanning time (25ns) and greater resolution 

(0.0001◦) within its measurement range of 0◦–360◦ than [78]. In comparison to [78], the 

proposed module provides a maximum supported input frequency and counting frequency of 

up to 6.67MHz and 26.68MHz, respectively. In addition to our simulation results, the 

experimental results confirm those obtained using the NI myRIO-1900 FPGA platform. The 

experimental findings show that the proposed FPGA-PLC high-speed phase counter module 

outperforms in terms of accuracy and linearity compare to work presented in [76-77]. The 

FPGA-PLC high-speed phase counter module is implemented using two ways, and their device 

utilization is compared and reported. Table 4.5 shows that the proposed module provides 

greater capability in input and output channels, faster scanning times, cost-effectiveness, better 

resolutions, and maximum supported input frequency and counting frequency, compared with 

the existing PLC-HSC module. 

Thirdly, an IEC 61131-3 compliant PLC timers using FPGA (FPGA-PLC- high-resolution 

timer module) are implemented. The proposed FPGA-PLC timer modules are developed and 

simulated in LabVIEW-FPGA based programming language and loaded into the NI-myRIO-

1900 FPGA platform. Various timer modules with medium resolution (1ms, 10ms, 100ms, and 

1000ms) and high-resolution (50ns, 100ns, 1µs, 10µs, and 100µs) capabilities are developed, 

simulated, and tested. The proposed FPGA-PLC high-resolution timer module, which can be 

used for a various measurement and control applications. The proposed modules can be used 

for precise triggering pulse generation, high-speed patten pulse generation, and other 

applications. The proposed module enhances the performance and flexibility in term of 

multiple channels, better resolution, faster scanning time, precise time delay generation. The 

FPGA device utilisation is reported with respect to the NI-myRIO-1900 FPGA platform. The 

LabVIEW-GUI is developed for the proposed multi-channel high-resolution timer module and 
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it is utilised to give a better user interface for monitoring and controlling the selection and 

values of various timer time delay. With the help of simulation results and comparison analysis 

reported in table 5.9, the proposed FPGA-PLC high-resolution timer module provide a shorter 

scanning time (25ns), more linearity, and better resolution. The experimental tests of the 

proposed module are performed using NI-myRIO-1900 platform.  

Furthermore, multi-channel FPGA-PLC-FREQUENCY measurement module is presented and 

it can be used for various frequency measurement applications. A LabVIEW-FPGA based 

programming language is used to develop and simulate the proposed FPGA-PLC-

FREQUENCY measurement module, which is tested on the NI-myRIO-1900 FPGA platform. 

The proposed FPGA-PLC-FREQUENCY module is developed using a timer module with 

different resolutions and a counter module with high-speed. The timer modules have medium 

resolution capabilities such as 1ms, 10ms, 100ms, and 1000ms, as well as high-resolution 

capabilities such as 50ns, 100ns, 1µs, 10µs, and 100µs. The high-speed counter module is 

capable for measurement of 20MHz input pulses edges and update its counts accordingly. The 

FPGA device utilisation of the proposed module is reported with respect to the NI-myRIO-

1900 FPGA platform. The LabVIEW-GUI is developed for the proposed multi-channel 

frequency measurement module and it is used to provide a better user interface for monitoring 

and controlling the selection and values of various timers and counters. With the help of 

simulation results, experimental results and comparison analysis reported in table 6.4, the 

proposed FPGA-PLC-FREQUENCY measurement module enhance the performance and 

flexibility in term of multiple channels, accurate frequency measurement, faster scanning time 

and other. The experimental test of the proposed module is performed using NI-myRIO-1900 

platform. For multi-channel, the proposed module execution time is 25ns. The recommended 

module was used to measure multi-channel frequency up to 20MHz.  The proposed module's 

claimed inaccuracy with TB = 50ns or 100ns is less than and equal to 1 ppm, and this value 

varies depending on the measurement interval, input frequency, and chosen TB value. 

Finally, single channel and multi-channel FPGA-PLC-DPWM module is presented and it can 

be used for various power electronic and other applications. A LabVIEW-FPGA based 

programming language is used to develop and simulate the proposed FPGA-PLC-DPWM 

module, which is tested on the NI-myRIO-1900 FPGA platform. The proposed FPGA-PLC-

DPWM module is developed using an edge detection block, counter block and comparator 

block. The FPGA device utilisation of the proposed module is reported with respect to the NI-

myRIO-1900 FPGA platform. The LabVIEW-GUI is developed for the proposed FPGA-PLC-

DPWM module and it is used to provide a better user interface for monitoring and controlling 
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various parameters.  The proposed multi-channel FPGA-PLC-DPWM module improves 

performance and flexibility over the work detailed in [148, 155-165]. The maximum PWM 

frequencies for secondary digital functions available in NI myRIO support upto 100kHz [166]. 

Furthermore, based on the simulated and experimental results, it can be concluded that the 

proposed FPGA-PLC-DPWM provides greater resolution, better accuracy and linearity, faster 

execution time, variable duty cycle, and higher supporting switching frequency than the work 

reported in [124, 148, 67, 155-166]. The recommended module can produce pulses with 

variable or fixed widths and variable or constant frequency. As a result, it will be useful for the 

generation of firing, driving, triggering, and other pulses in a range of power electronic 

applications.  

The NI myRIO-1900 has power supply voltage range is 6-16 Volt d.c., maximum power 

consumption range is 14 watt and typical ideal power consumption range is 2.6 watt. Therefore, 

the proposed modules using NI myRIO-1900 has capability to use for low power and ultra-low 

power applications. 

8.2 Future Scope 

The study objectives are set after reviewed the literature and identifying the research 

gap. The contributions and achievements as a result of the objectives are documented in this 

study. However, some future research direction will be available to researchers. 

I. To develop complex Arithmetic and Logical instructions, such as logarithms, exponents, 

trigonometric and floating-point functions in FPGA-PLC. 

II. To implement various control algorithm of PLC inside FPGA for better steady state and 

transient response performance. 

III. To improve the device utilization of FPGA-PLC modules in terms of slice registers, slice 

LUTs, block RAMs, and others. 

IV. Future development will concentrate on refining the design's structure, such as increasing 

the number of inputs-outputs, adding more modules interface capabilities, and so on. 

V. The proposed FPGA-PLC-HSC module performance with noise-corrupted input signals is 

still to be studied, and it will be included in the future research. Further research is being 

conducted on the detection of false triggers in extremely noisy inputs with possible 

distortions of impulses. 

VI. Further research is being development of phase lock loop for higher frequency application 

using the proposed FPGA-PLC high-resolution timer. 

VII. The proposed FPGA-PLC frequency module performance with noise-corrupted frequency 

measurement signals is still to be studied, and it will be included in the future research.  
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