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1. Title of the Thesis and Abstract 

Title:  

Performance Improvement of Programmable Logic Controller by                                                                                                     

Field Programmable Gate Array Based Technology 

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. Diverse modules for various 

applications are designed to accomplish this objective. First, in comparison to the existing PLC-

HSC module, a new FPGA-based PLC multi-channel High Speed Counter (HSC) module has 

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

direction measurement applications, the suggested FPGA-PLC-HSC module improves 

performance in terms of accuracy, resolution, linearity, scanning time, and other factors. The 

simulation and experimental results show that the FPGA-PLC-HSC 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 designed 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 

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

been designed. 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 design and simulate the proposed modules and modules are 

experimentally validated on the NI-myRIO-1900 FPGA platform. 



 

2. Brief description on the state of the art of the research topic  

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 through the use of 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 in industry for a variety of applications including power electronics, motion control, 

speed, position, acceleration, and others.  

PLCs can be used for a variety of power electronic applications, including real-time 

power supply and distribution [12], monitoring and controlling the speed of three-phase 

induction motors [13-15], improving the power factor of three-phase induction motors [14], 

and more. By using a Supervisory Control And Data Acquisition (SCADA) system [16], a PLC 

is used to detect and protect the driver parameters of three phase asynchronous motors. Using 

Pulse Width Modulation (PWM) inverters [13, 15] and Space Vector Pulse Width modulators 

(SVPWM) [17], PLCs can control the speed of the induction motor. Using PLC PWM [18], 

the pneumatic actuator-driven position servo system can be controlled. As part of the 



 

synchronization application presented in [19], 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 [20-21]. PLC is used in motion control 

applications such as a multi-axes sun-tracking system for photovoltaic panels [22], as well as 

the measurement and control of robot position and velocity [23]. It's also employed in multi-

axis servo automation applications [24-27] and multi-axis stepper motor driving applications 

[27]. PLC is a very flexible and effective technology for industrial control of electric drives 

[15] because of its many advantages. 

As a control technique, PWM is widely employed in most power electronic applications 

[28], such as DC/DC, DC/AC, and others. [29] proposes a synchronous multi-channel PWM 

generator for driving servo motors in humanoid robot applications. The authors proposed a            

1 MHz frequency-based digital PWM controller IC for DC–DC switching converter 

applications in [30]. High frequency pulses are used to operate the gate driver circuit of 

semiconductor switches in switch mode power converters [31]. 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 [32] 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 

[33]. A proposal for their removal is provided, including specifications for the control law and 

the quantization resolution. 

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.  

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 [34]. For this upgrade, the cost-

effective, high-speed, and reconfigurable FPGA architecture proposed in [35-40] can be used. 

The state-of-the-art of FPGA-based design for industrial applications is summarised in the [39-

40] 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 tradeoff, large amount of embedded resources, and availability of specialised 

Intellectual Property (IP) cores, FPGAs are the preferred implementation platform in many 

industrial applications [35]. Since their invention three decades ago, FPGAs have been used in 

many applications across various fields [36]. The high degree of re-configurability of FPGAs 

enables them to offer shorter development cycles and lower development costs than custom-

designed semiconductors. 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 [37]. 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 [41], Verilog, and others are 

utilised to create a virtual framework. The LabVIEW framework for FPGA programming is 

presented by the authors in [42], which is aimed at scientists and engineers. 

In [43-45] the main 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. According to [44-45], future goals 

are to develop FPGA hardware-based PLC timers with higher resolution and PLC counters 

with high speed. 

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

published in [46] improves unique design ideas based on data flow machines, circuit simulation 

theory, and the memoization 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 [46]. Using the FPGA, an approach to implementing 

a microPLC is described in [47]. 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 [48]. An FPGA based on a Virtex-4 based Central Processing Unit 

( CPU) is presented in the paper [49] 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 [50] 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 

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). Future research could include implementing complex functions like 

logarithms, exponents, and trigonometrics within the ALU.  

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

converting PLC software (ladder diagrams, instruction lists, sequential function charts, and 

more) to suitable FPGA code (VHDL, Verilog, and others) [51-53]. In [54], the authors 

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

diagrams and instruction lists. Additionally, in [55], 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 [56] addressed 

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

implementations of industrial logic are described in [57] 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 [58]. According 

to [59], an algorithm was presented for generating ladder logic diagrams for boolean 

expressions in VHDL. 

The authors in [60], 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 [61], the authors developed an algorithm for converting ladder logic to VHDL 

for use in FPGA-based PLC architecture. . A method was developed in [62] for converting 

ladder logic into Verilog for the implementation of FPGA-based PLC architectures. In [63], 



 

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 [63]. As defined in [63], a future direction is development of PWM module algorithm with 

faster execution time and lower power consumption. 

3. 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 [64]. 

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

face today: 

 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 sequencial 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 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 exsting PLC have the various timer 

modules with resolution range of 100 µs to 1 second. 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 1 MHz. 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. Exiting 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 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. To accomplish precise and faster driving applications, 

customers demand high-speed, high-resolution, multiphase, with high linearity, higher 

accuracy, simple configuration, fast response, low power dissipation and consumption, 

faster switching frequency, low execution time, multitasking, the ability to control multiple 

switching operations simultaneously, and other features over wide range. 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. 

   Over the past two decade, researchers have continually improved the performance of 

PLCs using FPGAs. However, there are challenges that need to be addressed in the FPGA 

based PLC design. Implementing complex instructions, improving the utilisation of FPGA 

devices and enhancing the existing PLC modules and other are some of the challenges.  

 In a first challenge, the existing PLCs will be made faster by increasing the speed of phase 

counters. The high-speed phase counter module is used for various applications such as 

speed, position, and direction measuring and controlling applications. The simple counters 

such as up counter and down counter are commonly used for counting applications. 

 The second challenge is improvement in the existing timer module with higher resolution 

and faster scanning. 

 The third challenge is increase range, improve accuracy and resolution of Pulse Width 

Modulation Module. 

 The fourth challenge is improve performance of frequency measurement module in term of 

accuracy, linearity, scanning time and other. 

 One of the fifth challenge is developing complex instructions, including logarithms, 

exponents, and trigonometric functions. 

 Another area of study for the researcher is an implemetation 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. 

4. Objective and Scope of 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-HSC module 

that enhances performance and flexibility for pulse, speed, position and direction measurement 

applications. A proposed design will work faster with less scanning time and flexible as 

compared to the conventional PLC module. 

II. To introduce novel 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 design  multi-channel FPGA-PLC based frequency measurement module in term of 

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

V. To develop complex Arithmatic and Logical instructions, such as logarithms, exponents, 

and trigonometric functions. 

VI. To implemetation 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. 

5. Original Contribution by the thesis 

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

and research: 

I. A multi-channel FPGA-PLC-HSC module is proposed to measure pulse, speed, position, 

and direction for various applications. The proposed module is simulated with help of 

LabVIEW FPGA and experimentally tested on the NI-myRIO-1900 FPGA platform. For 

pulse measurement application, multi-channel high speed counters are proposed.  Each 

channel support  total thirty six counters. Furthermore, the FPGA based 2-Phase 2-Input 

HSC module of PLC with 1X, 2X, and 4X resolutions are proposed for the multi-channel 

interface and used to measure pulse, speed, position, and direction for different applications. 

The comparative analysis using the feedback node and the shift register methods are  given 

with device utilization. LabVIEW is used to create the Graphical User Interface and 

programming. 

II. On a reconfigurable FPGA platform, a multi-channel PLC High Resolution Timer module 

is designed. The present work relates to implementation of TON and TOFF timer modules, 

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

Oscillting timer module of PLC. This module can be used to generate high resolution time 



 

delay pulses, square wave and pattern pulses, triggering pulses 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. 

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

designed, simulated, and experimentally validated on the NI-myRIO-1900 FPGA hardware. 

It can be applied to a wide range of power electronics applications to generate high-

resolution firing pulses, triggering pulses, driving pulses, and other types of pulses. 

IV. A  multi-channel FPGA-PLC frequency module has been designed, simulated, and 

experimentally validated on the NI-myRIO-1900 FPGA hardware. 

6. Methodology of Research, Results / Comparisons 

I. Methodology of Research 

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 design methodology of 

proposed various module has been shown in fig. 1.  Once the FPGA has been appropriately 

setup using LabVIEW programming and a suitable HMI or GUI, the design 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, HSC, and 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. 

 
Figure 1. Design methodology for proposed FPGA based PLC design. 



 

II. Results/Comparision 

A. Multi-Channel FPGA-PLC High Speed Counter Module for Pulse Count 

Measurement Application 

An architecture of the proposed FPGA-PLC High Speed Counter is presented in fig. 2 

and it is used for pulse count measurement application. A 9-Channel High Speed Counters 

module is implemented on FPGA. Each channel has a total of 36 counters in the proposed 

design. The proposed design allows for a maximum input frequency of 20 MHz for each 

channel, as well as accurate counting and updating of outputs. For overall functioning of all 

channels, the proposed architecture offers a scanning time of 25 ns. For each channel, the 

proposed design can handle a fixed or variable frequency. With easy migration and a shorter 

scan time, the proposed design is faster, compact, cost-effective, user-friendly, and simple. For 

monitoring and controlling various parameters, the suggested design is interfaced using a 

LabVIEW-based Graphical User Interface.  The fig.3 and fig.4 shown the LabVIEW based 

GUI and hardware setup of proposed FPGA-PLC High Speed Counter for pulse count 

measurement application. The fig.5 and fig.6. shown the simiulation results of channel-1 to 

channel-9. The table 1 is shown the device utilization of the proposed module inside FPGA. 

 
Fig. 2. Architecture of proposed FPGA-PLC High Speed Counter for pulse count measurement application.  

Table- 1: Final Device Utilization (Placement) report of the proposed module: 

Sr. 
No. 

Parameters Available Used Used in 
Percentage 

1 Total Slices 4400 4387 99.7 
2 Slice Registers 35200 9929 28.2 
3 Slice LUTs 17600 16113 91.6 
4 Block RAMs 60 5 8.3 
5 DSP48s 80 0 0 

 
 



 

 
Fig. 3. LabVIEW based GUI for proposed FPGA-PLC High Speed Counter for pulse count measurement 

application. 

 
Fig.4. Hardware Setup for proposed FPGA-PLC High Speed Counter for pulse count measurement application.  

 
Fig. 5: Timing diagram for channel-1 to channel-5 with input signal pulses, preset values, accumulated values 

and counter done bit (Simulation Results). 



 

 
Fig. 6: Timing diagram for channel-6 to channel-9 with input signal pulses, preset values, accumulated values 

and counter done bit (Simulation Results). 
B. Multi-Channel FPGA-PLC High Speed Counter Module For Pulse, Speed, 

Direction and Phase Measurement Application 

 
 Fig. 7. Pulse counting with 1X, 2X and 4X resolution for clockwise rotation of  d.c. motor shaft.  
The encoder generates a 90◦ phase-shift between A and B signals depending on the 

location of the d.c. motor shaft. The phase signals are received by signal conditioning circuits 

in the FPGA-PLC-HSC module. This module is used to count the rising and/or falling edges 

of phase signals with 1X, 2X, and 4X resolution, as well as to find the position of the d.c. motor 

shaft with greater accuracy. With 1X, 2X, and 4X resolution, the GUI is used to monitor the 

shaft position of a d.c. motor. It also includes the capacity to reset the count and regulate the 

preset count, as well as the direction of phase A and B signals. The encoder pulses are estimated 

with regard to 1X, 2X, and 4X resolutions using mathematical modelling of the clockwise 

rotation of a d.c. motor shaft and illustrated in fig. 7. 



 

 
Fig. 8. Signal-A lead Signal-B with direction control (1X resolution, Phase-shift is 90◦). 

  The signal-A is 90 degrees ahead of the signal-B as the d.c. motor shaft rotates 

clockwise. The FPGA-PLC-HSC 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. Figure 8 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 suggested 

module can handle the maximum supporting input frequencies (fin) and counting frequencies 

(fc) up to 6.67 MHz of the input phase signal-A and signal-B. It also mentions that the suggested 

module has a scanning time (tst) of 25 nanoseconds at 1X resolution. 

 
Fig. 9. Signal-A lead Signal-B (2X resolution, Phase-shift is 90◦). 

  The suggested 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.  Figure 9 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 

suggested module can handle the maximum supporting input frequencies (fin) upto 6.67 MHz 

and counting frequencies (fc) upto 13.34 MHz of the input phase signal-A and signal-B. It also 

mentions that the suggested module has a scanning time (tst) of 25 nanoseconds 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.  Figure 10 presents the simulation 

results of 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 suggested module can handle the maximum supporting input frequencies (fin) upto 6.67 

MHz and counting frequencies (fc) upto 26.68 MHz of the input phase signal-A and signal-B. 

It also mentions that the suggested module has a scanning time (tst) of 25 nanoseconds at 4X 

resolution. 

 
Fig. 10. Signal-A lead Signal-B (4X resolution, Phase-shift is 90◦). 

C. Multi-Channel FPGA-PLC High Resolution Timer Module 

Table 2 shows the various timers implemented in the proposed FPGA-PLC-Timer 

module, along with the resolution available. The suggested module completes all operations in 

25 milliseconds. 

Table- 2: Proposed FPGA-PLC-Timer with Resolution and Scanning Time. 

Name of Timer Available Resolution (Scanning Time 25ns) 

Timer ON Delay (TON) 
50ns, 100 ns, 1 µs, 10 µs, 100 µs, 1ms, 10ms, 
100ms, 1000ms  

Timer OFF Delay (TOFF) 
50ns, 100 ns, 1 µs, 10 µs, 100 µs, 1ms, 10ms, 
100ms, 1000ms  

Retentive Timer ON Delay 
(RTON) 

100 µs, 1ms, 10ms, 100ms, 1000ms  

Retentive Timer OFF Delay 
(RTOFF) 

100 µs, 1ms, 10ms, 100ms, 1000ms  

Pulse Timer (PT) 
50ns, 100 ns, 1 µs, 10 µs, 100 µs, 1ms, 10ms, 
100ms, 1000ms  

Oscillating Timer (OT) 
50ns, 100 ns, 1 µs, 10 µs, 100 µs, 1ms, 10ms, 
100ms, 1000ms  

 

D. Multi-Channel FPGA-PLC-Frequency Module with Faster Scanning Time 

Table- 3:  Final device utilization (placement) report for Multi-Channel FPGA-PLC-Frequency Module 

Sr. No. Parameters Available Used Used in (%) 
1 Total Slices 4400 4361 99.1 
2 Slice Registers 35200 10655 30.3 
3 Slice LUTs 17600 15193 86.3 
4 Block RAMs 60 5 8.3 
5 DSP48s 80 16 20 

 



 

The multi-channel FPGA-PLC-Frequency module is designed to simultaneously 

measure the frequency of multiple channels with 25ns scanning time. The suggested module's 

maximum frequency measurement is 20 MHz. Table 3 shows the device utilisation information 

for the suggested module implementation. 

E. Multi-Channel FPGA-PLC Pulse Width Modulation Architecture with Higher 

Resolution and Linearity 

The multi-channel FPGA-PLC-PWM module is designed to simultaneously generate 

the pulse width modulation signals of multiple channels with 25ns scanning time. The 

suggested module's generate PWM signals upto 1MHz.  The experimental result of multi-

channel FPGA-PLC-DPWM module with various parameters set point value such as frequency 

= 1 MHz, 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. 11. 

 
Fig. 11: Experimental result of multi-channel FPGA-PLC-DPWM where frequency = 1 MHz, 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. 

7. Achievements with respect to objectives 

The followings are the achievements resulting from the objectives mentioned above. 

I. The pulses count measuring application uses a multi-channel FPGA-PLC High Speed 

Counter with a total of 36 counters in each channel.  The suggested architecture allows each 

channel to count pulses at a maximum input frequency of 20 MHz while also updating 

outputs. For overall functioning of all channels, the proposed architecture offers a scanning 

time of 25 ns. For each channel, the proposed design can handle a fixed or variable 

frequency. It can be used for speed measurement application. 

II. The multi-channel FPGA-PLC-HSC module improves the performance and flexibility 

compare to previous methods reported in [65-67] and used for pulse, speed, position and 

direction measurement. A module works faster with less scanning time and higher 



 

flexibility as compared to the conventional PLC module.  For the measurement range of 

0◦–360◦, the simulation results show that the FPGA-PLC-HSC module has good linearity, 

a faster scanning time (25ns), and a greater resolution (0.0001◦). The FPGA-PLC-HSC 

module's accuracy is reported as ±0.2675%, ±0.1689%, and ±0.12%, respectively, with 

resolutions of 0.703◦, 0.352◦, and 0.176◦ for 1X, 2X, and 4X resolution counters. With a 

faster scanning time, cost-effectiveness, user-friendliness, and compact size, the suggested 

FPGA-PLC-HSC module outperforms the conventional PLC HSC. 

III. According to reports, the existing PLC timer module has a high resolution of up to 0.1ms. 

It is not suitable to generate high-accurace time intervals and pulses. Furthermore, in high-

speed applications, it is unable to accurately count and measure frequency. The proposed 

multi-channel PLC High Resolution Timer Module has a resolution of 50ns due to its 

FPGA implementation. Therfore, the proposed module have capability to generate high 

resolution time delay pulses, square wave and pattern pulses, triggering pulses and other. 

IV. NI-myRIO-1900 FPGA hardware has been used to design, simulate, and test the FPGA-

PLC-DPWM module for single-channel and multi-channel interfaces. Better resolution, 

precision, linearity, execution speed, variable duty cycle, and greater supporting switching 

frequency are all features of the suggested module. The suggested module can be used in a 

variety of power electronic applications to generate high-resolution firing, driving, or 

triggering pulses, among other things. Simulations and experiments have been conducted 

on the scheme with up to 25 ns of maximum execution time for five channels. The rise and 

fall timings for the proposed scheme are smaller than 9.5ns and 6.5ns, respectively. 

V. In comparison to existing PLC frequency modules, the multi-channel FPGA-PLC-

Frequency module improves performance and flexibility. The suggested module measured 

frequencies up to 1 MHz in multi-channel applications with a 25ns execution time. 

8. 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, and so on.  

The suggested thesis's purpose was to demonstrate how to build a PLC that followed 

the IEC611313 standard. The developed PLC was implemented as a System on Chip using an 

FPGA chip. All of the operations were done totally in hardware. The suggested FPGA-PLC 

modules are created with a graphical user interface based on LabVIEW. 

Firslty, the FPGA-PLC-HSC module was designed, simulated, and tested the NI 

myRIO-1900 FPGA platform. The 9-channel FPGA-PLC-HSC module contains 36 counters 

for each channel with a overall scanning time of 25ns and is specifically designed for pulse 

and/or speed measurement applications. The FPGA-PLC-HSC module was also constructed 

for 2-phase 2-input signals with 1X, 2X, and 4X resolutions, and was utilised for pulse, speed, 

direction, and position applications. Furthermore, the simulation results show that, when 

compared to [67], the proposed FPGA-PLC-HSC module has a faster scanning time (25ns) and 

a greater resolution (0.0001◦) within its measurement range of  0◦–360◦. In comparison to [67], 

the proposed architecture offers a maximum supporting input frequency of 6.67 MHz and a 

maximum counting frequency of 26.68 MHz. In addition to the simulation results, we also 

present experimental evidence based on our use of NI myRIO-1900 FPGA platform. The 

experimental findings show that the suggested FPGA-PLC-HSC module delivers superior 

accuracy and linearity than [65-66]. The FPGA-PLC-HSC module was implemented using two 

different ways, and a comparison of their device utilisation is provided. In addition, as 

compared to the existing PLC-HSC module, the proposed module has a greater number of input 

and output channel capabilities, faster scanning times, cost-effectiveness, higher resolutions, 

and maximum supporting input frequency and counting frequency. 

Secondly, a high-resolution multi-channel PLC timer module based on FPGA 

technology was designed to improve the linearity, resolution (up to 50ns) and scanning time 

(25ns) over the existing PLC timer module. With a resolution of up to 50ns, the multi-channel 

FPGA-PLC timer module performs different timing delay functions such as TON time delay, 

TOFF time delay, Pulse triggering, and Oscillating timing. For scanning all input status, 

executing execution based on user input programme, and updating all outputs, the proposed 

architecture offers a scanning time of 25ns. The suggested module was used to create pulse 

patterns, triggering pulses, precise time delays, and many other things. 

Furthermore, a multi-channel FPGA-PLC-Frequency module was developed for high 

frequency measurement applications.  A high-resolution timer module and a high-speed 

counter module were used to develop this module. For multi-channel, the proposed module 



 

execution time was 25ns. The recommended module was used to measure multi-channel 

frequency up to 20 MHz. 

Finally, a multi-channel FPGA-PLC-PWM module was designed. This module 

improves performance and flexibility over the work detailed in [31]. Furthermore, based on the 

simulated and experimental results, it can be stated that the proposed FPGA-PLC-DPWM 

provides greater resolution, accuracy, linearity, execution time, variable duty cycle, and higher 

supporting switching frequency than the work reported in [18, 31, 61]. The recommended 

module could produce pulses with variable or fixed widths and variable or constant frequency. 

As a result, it would be useful for the generation of firing, driving, triggering, and other pulses 

in power electronic applications. 

9. 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 Arithmatic and Logical instructions, such as logarithms, exponents, 

and trigonometric functions in FPGA-PLC design. 

II. To implemetation various control algorithm of PLC inside FPGA for better steady state 

and transient response performance. 

III. To improve the device utilization of FPGA-PLC design 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. 
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