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INTRODUCTION 

1.The reason for choosing the dissertation 

CNC (Computer Numerical Control) controllers are becoming 

more and more innovative in terms of size, processing rate, 

reliability, product quality and cost. Therefore, it has promoted many 

types of research to improve CNC controllers. Although, there are 

many studies that integrate the components of the CNC controller on 

the same board or card on the IPC and allow users to change software 

and hardware. However, these components still exist in individual 

component configurations, leading to relatively high costs, increased 

the spatial size and somewhat reduced reliability. So, the author's 

suggestion is to implement a CNC controller on a single chip, making 

up a CNC-on-chip controller. 

2. The purposes of the research 

Research, design and experiment hardware, software 3-axis CNC 

controller "on chip" technology-based CSoC (Customizable System 

on Chip). Since then, the author has built a CNC-on-chip controller, 

which allows for a change of technology in practice, applying 

modern algorithms to improve the quality of machined products, 

increase reliability, increase The ability to integrate, reduce costs and 

master the technology of manufacturing.  

3. The objective and scope of research 

The CNC controller of the milling machine selected by the author 

is the object studied in this dissertation.  

The author limits the research problem: designing - setting 

hardware and software on a chip for a 3-axis milling machine 

controller, to the criterion for evaluating the "on chip" capability of 

CNC controller based on CSoC technology.  

4. Research methods 
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To survey, analyze current CNC technology and understand the 

structure and functions of CNC controllers. By evaluating the results 

of in and out-country research, the author presents the features of the 

CNC controller that can be integrated on a chip.  

To research on application chip design technology. From there, 

the author designs the hardware of CNC-on-chip controller for the 3-

axis milling machine, which evaluates the CSoC's ability to respond 

to the CNC controller's resources.  

To build scripting functionality and improve some of this 

functionality of the CNC controller to demonstrate the hardware 

design.  

Finally, to evaluate the results of the study of simulation and 

experiment, and publish the results of research at conferences, 

magazines at home and abroad. 

5. The meaning of science and practice of the dissertation  

The meaning of science: The dissertation is a scientific and 

technological work in utilizing the latest advances in the chip 

manufacturing industry, with a high degree of integration into the 

implementation of CNC controllers with three MMI, NCK and PLC 

components on one chip. From there, it opens towards applied 

research new technology into the manufacturing equipment CNC 

controllers in practice. 

The meaning of practice: With the direction of the dissertation, 

the author has shown that mastering the technology of manufacturing 

CNC control equipment for Vietnam is quite feasible, many previous 

studies still rely heavily on hardware components from abroad. 

6. The general layout of the dissertation 

Chapter 1: Overview of CNC and choosing technology CSoC. 

Chapter 2: Hardware design of the CNC-on-Chip Controller. 

Chapter 3: Building the script function of the CNC-on-Chip 

Controller.  

Chapter 4: Simulation and experimental results. 
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CHAPTER 1: OVERVIEW OF CNC AND CHOOSING 

TECHNOLOGY CSOC 

1.1 Overview of CNC 

1.1.1 The task of CNC controller 

The task of the CNC controller reads and decodes the script (G/M 

code) to generate the set point velocity and trajectory values for the 

axis - servo and the spindle of the machine tool.  

1.1.2 Coordinate system of the machine tool1 

Normally, CNC controllers use the "decade OXYZ" 

1.1.3 Structure and function of CNC controller 

Basically, the CNC controller is depicted with three components: 

Man Machine Interface (MMI), Numerical Control Kernel (NCK) 

Programmable Logic Controller (PLC).   

1.1.4  Programming tools of CNC controller 1 

Two tools here: G-code and Automatically Programmed Tool. 

1.2 Some research related the dissertation 

1.2.1 Research situation on the dissertation in the world  

Conclusion on algorithm development studies: These studies go 

into every part of the CNC controller, the simulated results, which 

are difficult to perform on industrial controllers. Because it requires 

extensive intervention in the fabricator, using software algorithms, it 

is difficult to install in the former control system. Therefore, the 

study of changing hardware technology is a major task for this 

dissertation. 

Conclusion on technology application: Evaluation of this research 

shows that it is necessary to put FPGA technology into the design 

                                                      
1 The contents of the subsections are detailed in the full thesis. 
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and construction of CNC controllers. Using FPGA for high rate 

meets real time requirements of CNC controller. One limitation when 

using FPGAs in fully designing the functions of a CNC controller 

requires a lot of hardware resources and handles real numerical 

operations that are not as effective as a software. Therefore, 

combining FPGAs with soft-cores is the right direction for making 

CNC controllers. 

Concluding the direction of technology integration: Controllers 

tend to be built-in as PC-based cards, on-boards to reduce the size, 

cost, improve the reliability and rate of CNC controllers. Therefore, 

the author proposed to build CNC-on-chip controllers as the right 

direction. 

1.2.2 Research situation on the dissertation in the country  

The conclusion of the study in the country: In general, CNC 

equipment has been studied extensively in Vietnam, namely: 

- The first group of mechanical engineering: This is the research 

group that occupies the majority of works related to CNC machining. 

These studies largely went into the experiment, a few built on 

computer control; real-time problems and algorithms have not yet 

been considered on the CNC controller.  

- The Second group of control devices for machine tools: Control 

devices are more research focused than the first group. However, the 

study only performs the individual components of the CNC 

controller. Some issues such as application of new technology, 

component integration or research on control algorithms are not 

mentioned. That said, this research has solved the simple needs, 

model applications and product quality are not interested. Therefore, 

the author chooses to study the second direction for this dissertation. 
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1.3 Choosing CSoC subject for the CNC-on-chip controller 

1.3.1 Proposed structure of the CNC controller-on-chip 

The structure of the CNC-on-Chip controller is shown in Fig 1.13 

(part framed dashed). In particular, the input is G/M instruction block 

from PC/peripheral, the output is a tool orbital motion trajectory, 

which is reflected in the number of pulses, the pulse frequency of the 

CNC-on-chip controller and the PLC I/O components.  

 

Fig 1.13: Proposed structure of the CNC-on-Chip controller 

1.3.2 Common features of CNC-on-Chip controllers 1 

CNC-on-Chip controllers are required to meet the speed, cost, and 

legacy of previous controllers. 

1.3.3 System on chip technologies 

a) ASIC technology allows users to optimize for the cost of IC 

component parts, reduce the costs of design and development of ICs 

and reduce the time to develop IC, especially to significantly reduce 

the size. The biggest drawback of CNC controllers when fabricated 

on ASIC technology is the lack of flexibility in configuration 

changes, control parameters, and inadequate research and 

development of CNC controllers.  

b) PSoC technology is a programmable system on one chip. PSoC-

based chips allow for simple configuration changes by assigning 
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functions to blocks of resources available on the chip. PSoC allows 

the user to change the hardware structure, but limited resources. 

Therefore, PSoC can only build a CNC controller in the form of test 

models.  

c) FPGA technology has emerged as a fundamental solution to the 

problem of time and cost savings. The FPGA technology allows the 

creation of low-cost CNC controllers, which creates a great 

competitive advantage in the market. CNC controllers made by 

FPGAs are not feasible without support for external processor cores. 

As such, the FPGA removes difficulties for ASIC technology in 

terms of hardware re-engineering and resource customization for 

PSoC technology. But, requiring an FPGA containing three MMI 

components, the NCK, the integrated three-core processor itself is in 

excess of the soft core available on the FPGA.  

 d) The CSoC technology integrates an ARM processor into a single 

chip with an FPGA to create a CSoC. It is composed of two 

components HPS and FPGA, and the tight integration between the 

two components gives the bandwidth of more than 1.25 Gbps based 

on the AXI architecture.  

1.3.4 Choice of SoC technology for CNC-on-Chip controllers 

Through SoC types, the author came to the conclusion the 

proposed CSoC object to design the controller CNC-on-chip. CSoC 

allows users to customize the hardware and software configurations 

and other strengths that CSoC derives from ASIC, PSoC, and FPGA.  

1.4 Conclusion chapter 1 

Major contribution in this Chapter: choosing CSoC for CNC-on-

Chip Controllers fits the overall technology development and 

hardware and software requirements of CNC controllers.  
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CHAPTER 2: HARDWARE DESIGN OF THE CNC-ON-CHIP 

CONTROLLER 

2.1 The structure of the CNC-on-chip controller 3-axis milling 

Fig 2.1 is a block diagram of a CNC-on-chip controller for a 3-

axis milling machine.  

 

Fig 2.1: The main components of the CNC-on-chip controllers 

2.2 Design the MMI component 

2.2.1 Evaluate the studies of the MMI component 1  

The computer or monitor is selected as the MMI component. 

2.2.2 Design the MMI component 

The MMI component for the CNC-on-chip controller is designed 

base on the HPS core. In particular, the MMI component performs 

compile and interpreter functions on the same hardware architecture.  

The HPS core of CSoC Cyclone V with dual core ARM Cortex-

A9 MPCore architecture has 64 kB internal memory, 4Gb SDRAM / 

DDRAM expansion, 100MHz clock frequency, 32 bit data 

processing, support all communication peripheral, enough software 

response for the CNC-on-chip 3-axis milling machine. 
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2.2.3 Design communication between HPS and FPGA 

The resulting communication design between the HPS and the 

FPGA is shown in Fig 2.4, which ensures a two-way data flow 

simultaneous for the CNC-on-chip controller. 

 

Fig 2.4: Design results IP_AXI_System  

2.3 Design NCK component 

2.3.1 Build registers for NCK components 1 

  

2.3.2Design interpolation block 1 

 Includes: command, data, status and mode register. 

2.3.3Design of acceleration / deceleration block 

According to the digital filter principle, if the input signal x[n] is 

multiplied by the impulse response h[n], the output signals y[n] are 

characterized by the convolution of h[n]*x[N].  

 

Fig 2.10: Design S-type acceleration/deceleration block  based on hardware 
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For some software interpolation, acceleration/deceleration is 

performed on the software. In contrast, hardware interpolation is 

increased/decreased by the hardware architecture (Fig 2.10).  

2.3.4 Design offset pulse feed-forward block for position control 1 

2.4 Design PLC component 

2.4.1 Evaluate the studies of the PLC component 1 

 The PLC component consists of soft core Nios and FPGA 

2.4.2 Design PLC component 

The results of the PLC component design performed on CSoC 

(Fig 2.14) provide many advantages over the individual PLCs 

currently used in machine tools. Specifically, in terms of: on chip 

communication with NCK, MMI component, CPU load reduction 

due to some hard design on FPGA, customizable I/O configurations... 

 

Fig 2.14: Design results PLC components 

2.5  Hardware design synthesis of the CNC-on-Chip controller  

Hardware compilation results for CNC-on-chip controller based 

on CSoC Cyclone V technology are shown in Fig 2.16. In particular, 
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ALMs accounted for 17%, 7203 registers, 72% pins, 26% memory 

blocks, 17% PLL, 25% DLL... Thus, the CNC-on-chip controller 

architecture design for a 3-axis milling machine with a full range of 

components and functions shows that the parameters are small 

compared to the resources available on chip. Therefore, the choice of 

CSoC object to build CNC-on-chip controllers is perfectly suited to 

satisfy the even more CNC machine controllers.  

 

Fig 2.16: Hardware synthesis of CNC-on-Chip on Cyclone V SoC 

2.6  Conclusion chapter 2 

Contribution in Chapter 2: Content meets the goal set at the 

beginning of this chapter is to select the object and successfully 

design the hardware of the CNC-on-chip controller for the 3-axis 

milling machine based on technology CSoC. Therefore, CsoC 

technology resources are sufficient for CNC-on-Chip controllers 
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CHAPTER 3: BUILDING THE SCRIPT FUNCTION OF THE 

CNC-ON-CHIP CONTROLLER 

3.1 Build the script function of the MMI component 

Build the MMI component functionality by C/C++ based on HPS 

core after hardware configuration in Chapter 2. This function reflects 

the process of compiling the M/G instruction set of the user on the 

software and see Appendix 3. 

3.2 Build script of NCK component 

3.2.1 Interpreter part programs 

After compilation, the instruction blocks are interpreter and 

variables assigned values on the registers corresponding to each 

command and conveyed to the interpolation function. 

3.2.2 Interpolation function 

a) Linear interpolation: 

 

Fig 3.4: Propose hardware pulse synchronization algorithm 

Perform the proposed solution as shown in Fig 3.4 using the 

Modelsim software with the following parameters: Starting Point 

(1,1,1); endpoint (10,6,8). Fig 3.5 is the simulation result of using the 

hardware pulse synchronization algorithm.  
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Fig 3.6: Simulate hardware pulse synchronization algorithm for linear 

interpolation   

In Fig 3.6 depicts the pulse sequence on 3 axes with length (X, Y, 

Z) = (9,5,7). The simulation coefficient k = 1 BLU is the number of 

pulses on the respective axes (9,5,7) respectively, the pulse 

emanation is simultaneous. 

b) Circular interpolation: 

Proposed by the author is to improve the ladder approximation 

algorithm based on hardware (Fig 3.8), namely:  

+ Increase 1 BLU X direction, 

+ Reduces 1 BLU Y direction, 

+ Increase 1 BLU X direction and decrease 1 BLU Y direction. 

 

Fig 3.8: The improve stairs approximation interpolation algorithm 
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Fig 3.9: Simulation the stairs approximation interpolation algorithm the 

before and after improvement based on Matlab 

Expresses the improve stairs approximation interpolation 

algorithm by interpolating the parameters as follows: Starting point 

(0.10), end point (10.0), CW interpolation direction, BLU = 1. The X 

axis has 11 corresponding pulses at positions 1, 3, 4, 5, 6, 8, 9, 11, 

13, 16 and 21 BLU. Similarly, the Y axis having 10 pulses at 2, 7, 10, 

12, 14, 15, 17, 18, 19 and 20 BLU. 

In Fig 3.9a, the trajectory of the X, Y axes using the stairs 

approximation interpolation algorithm does not take into account the 

author's proposition. The results shown in Fig 3.9b have been 

improved based on CSoC. The maximum deviation of the algorithm 

is 1/2 BLU and the accuracy of this algorithm is better than the 

unfinished algorithm (1 BLU), the number of iterations (15 times) is 

less than 30% compared with 21 times. 

Use Verilog language to build an algorithm on the hardware 

structure of FPGA, there are parameters as above, dX, dY are pulse 

generator lines and X, Y is the trajectory on corresponding axis, the 

results are consistent with theoretical studies and Fig 3.9.  
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Fig 3.11:  Simulation results the stairs approximation interpolation 

algorithm based on CSoC 

3.2.3 Acceleration/deceleration function 

a) Building ADCBI Acc/Dec function: The content of the 

"LookAhead" algorithm is to reduce the cutting rate introduced by 

considering the order of the cutting rate and the length of the next 

block. The startup rate of the current block depends on the 

deceleration rate of the next block, as determined by equation (3.10) 

and length (3.11). The algorithm is constructed in Fig 3.12 - Fig 3.14 

to determine the end rate of the forward block dependent block. 

2
0 2fV V AL= +  (3.10) 

4/3
/ 0

97

24
a cS Jt=   (3.11) 

 
Fig 3.12 The end rate determines algorithm Fig 3.13: The start rate 

determines algorithm and Fig 3.14 The current rate determines algorithm 
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The algorithm results in N steps, in this case using 15 points on 

the half circle with 14 repeats shown in Fig 3.16. Stable results at 

Fmax = 304.5 < F = 400 mm/min.  

 

Fig 3.16: Rate after performing acceleration /deceleration 15 steps 

b) Building ADCAI Acc/Dec function: 

The second part of the ADCAI block is based on the FPGA, 

which describes the ADCAI type S acceleration written in Verilog. 

 

Fig 3.20: Simulation results of ADCAI acceleration in hardware 

The experimental results on the hardware of CSoC for the 

Acc/Dec block are shown in Fig 3.20. This result shows that the 

acceleration block is implemented as type S on CSoC. Specifically: 

velocity values are {11, 15, 24, 49, 107, 205, 302, 361, 386, 395, 

398, and 400}. And the conversion speed of 400 to 200 is made 

under the S type deceleration of {400, 398, 395, 361, 302, 205, 200}.  
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3.2.4 Position control function 

The causal filter uses current position data and position data from 

one or two previous steps. To evaluate the advantages of position 

control from feed-forward compensation, we simulate the trajectory 

of the system. With simulation results using the offset pules feed-

forward control (Fig 3.27), It shows the ability to respond well when 

positioning. 

 
Fig 2.27: Results perform offset pulses of position controller 

3.3 Build script for PLC component 

3.3.1 Build soft functions for PLC component  

Similar to G code, the M code also controls the peripheral system 

of the CNC controller. A program was built to test the M code and 

replace the tool on the software by the C / C ++ language of the 

software PLC component. The CNC-on-chip controller's PLC 

component performs T, S, M-code processing, spindle logic control 

and communication NCK component. 

3.3.2 Build hard functions of PLC component  

The results of simulating the design of the filter function on the 

hardware of CSoC as shown in Figure. 3.32, the output response time 

of input is 5 clock cycles, and 2 clock cycles. In case 2 clock cycle 

response time faster than 5 cycles, but does not eliminate noise at 

610ps. Therefore, the design of the filter is selected to suit the 
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specific application. In addition, users can build algorithms that 

determine the filtering level of the software program on the CPU. 

 

 

Fig 3.32: Simulates the construction of hardware I/O with two level filters 

3.4 Conclusion chapter 3 

- Proposed hardware pulse synchronization algorithms for linear 

interpolation, yielding 140% faster than the linear interpolation of 

previous CNC controllers. 

- Proposed the improve stairs approximation for circular 

interpolation, a 30% reduction of the machining time before the 

improvement and the accuracy of the machining orbit is to reduce the 

error from 1 BLU to 0.5 BLU. 

- Build flexible S-type acceleration/deceleration hardware and 

software before and after interpolation on CSoC platform solves the 

problems: Reduction of acceleration in Acc/Dec, finite shake when 

acceleration in special motions caused. 

- Design PLC component with NCK, MMI components on a 

single chip, perform some function hardware to offload the CPU.  
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CHAPTER 4: SIMULATION AND EXPERIMENTAL 

RESULTS 

4.1 Experimental problem 

The empirical problem assures that the contribution problems of 

the dissertation are expressed in this chapter, as well as a specific 

verification of the author's propositions. 

 

Fig 4.1: Trajectory of tool for empirical problem 

4.2 Simulation results 

4.2.1 Simulate Acc/Dec function via G00  

Reflect S-type Acc/Dec contribution on hardware. For the default 

rate setting of G00, 5kHz setting, Z axis trajectory, distance of 

20mm, CNC-on-Chip setting rate setting k = 500x / mm, then 10,000 

pulses and time Z axis movement is 10,000 pulses / 5kHz = 2s. The 

simulation result in Fig 4.2 is 2.2s and has accelerated. 

 

Fig 4.2: Simulation results of block command: N30 G00 Z20 
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4.2.2 Simulate the linear interpolation function via G01 

For maximum feeding rate Fmax = 1000 mm/min the frequency is 

set to 5kHz. Thus, with the feeding rate of F = 400mm/min (block 

N60 G01 X100 Y60 Z80 F400), the theoretical frequency is 2kHz.  

 

Fig 4.3: Simulation results of block command: N60 G01 

The simulated results in Fig 4.3, correctly reflect the research 

contributions of the dissertation on frequency and interpolation time. 

4.2.3 Simulate the circle interpolation function via G02 

Simultaneous pulse propagation of two axes is shown at the end 

of the cycle of 35 seconds. Fig 4.4 reflects the contents studied, 

shortens the interpolation time, reduces the error from 1 to 0.5BLU. 

 

Fig 4.4: Simulation results of block command: N80 G02 (C→ D) 

4.3 Experiment results  

4.3.1 Solution for the experimental system 

The experimental system is connected as shown in Fig 4.5. The 

author sets hardware, software and user programs. 
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Fig 4.5: Experimental diagram CNC-on-Chip Controller 

4.3.2 Experiment hardware and software interfaces 

Fig 4.6 demonstration software program that the author has 

researched, built on the CNC-on-Chip. This result shows that 

compatibility between hardware and software is built on the same 

chip.  

 

Fig 4.6: Experiment software on CNC-on-Chip controller 

4.3.3 Experiment acceleration and deceleration via G00 

Experiments show that the acceleration and deceleration process 

shows that the pulses are distributed according to the S rule, 

expressed by the start and end pulse frequencies, the 5kHz frequency, 
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the interpolation time 4, 4x500ms = 2.2s as shown in Fig 4.7, 

consistent with theory and simulation. 

 

Fig 4.7: Experimental results of the G00 

To easily see the proposal, the author expresses the velocity line 

of the acceleration/deceleration.  

 

Fig 4.8: Express the velocity when the Ace/Dec is at 1Hz 
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4.3.4 Experiment the linear interpolation function via G01 

Verifiable contributions hardware  pulse synchronization 

algorithm is shown Fig 4.11, Total pulse duration for 3 axes 

corresponding to 25s, consistent with the results of theoretical study.  

 

Fig 4.11: The whole pulse generator on the X, Y, Z axis of the G01 

For a more intuitive look, the author demonstrates the motion 

trajectory for the axes given by the proposed algorithm. 

 
Fig 4.14: Evaluate the G01 trajectory between the reference word algorithm 

(sequentially) and the hardware pulse synchronization algorithm (parallel) 
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4.3.5 Experiment the circle interpolation function via G02  

Another contribution of the author in this dissertation is to 

improve the stairs approximation algorithm for circle interpolation is 

based on the hardware. This result shows that the improvement time 

is shorter than 5x5s = 25s compared to 5x10s = 50s and the accuracy 

is 0.5 BLU compared 1 BLU. To illustrate more clearly, the author 

conducted experiments with pulse coefficient k = 1 pulse/mm 

measured results are shown in Fig 4.17. 

 

Fig 4.17: Express the stairs approximation algorithm 

4.3.6 Experiment function of the PLC component 

One of the author's contributions is to integrate the entire PLC 

component into a single chip with the same MMI and NCK 

components. The operation of the PLC component is simultaneous 

with the NCK component. The CNC-on-chip controller decodes the 

instruction set and generates a pulse for the transmission of the 

spindle. Specifically, the 10kHz setting for S1000 sets the input value 

of 0 ~ 100% respectively.  

4.4 Conclusion chapter 4 

Rough simulation and experimental results, the author 

demonstrate the effectiveness of CNC-on-chip controller design 

based on the CSoC technology developed in Chapters 2 and 3.  
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CONCLUSION AND RECOMMENDATION 

A. Contributions of the dissertation 

The main new contribution of the dissertation was to successfully 

integrate the three CNC MMI, NCK and PLC controllers on a single 

chip, making it a CNC-on-chip controller. To achieve the main 

contribution, the dissertation contains the following content: 

- Analyze, evaluate the characteristics and applicability of the 

systems on chip. Since then, the CSoC technology has been chosen to 

change manufacturing technology CNC controller. 

- Design the hardware of CNC-on-Chip controller based on CSoC 

technology, which aims to build the instruction set of the CNC 

controller. From this result CSoC's resource assessment is designed 

to build a CNC-on-chip controller, overcoming limitations in size, 

speed, and reliability. Especially, it allows changing the software and 

hardware structure that the controllers have not previously 

performed. 

- Build instruction set of the CNC-on-chip controller, specifically 

the function of compilation, decoding, interpolation, Acc/Dec, offset 

pulse to position control based on the hardware structure of CSoC. In 

this section, the author proposes the following new improvements: 

+ Proposed hardware pulse synchronization algorithm;  

+ Improved stairs approximation algorithm; 

+ Build Acc/Dec block based on hardware and software. 

+ Build high-speed feedforward compensation blocks. 

B. Recommendations for the dissertation: 

- Continue to expand software development, expand other 

scripting functions of CNC-on-Chip controllers. 
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